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PREFACE 

e 
I 

The status of our knowledge m tbe penetration at radiation from an atomic wcppon 
through the atmoophere ban undergone rapid chaage, and theoretical and experimental work 
have made great progress In the pant neveral ynarn. It wad therefore felt denirable to take a 
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ressing so swiftly that W porticma are not of equal timelineas. We have made every effort to 
include Information reported formally or available to UI up to  the 1956 Weapcas Tents an well 
an nome limited information arin5ng from those tests. 
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Chapter 1 

GENERAL CONSIDERATIONS 

e 

1.1 MTRODUCTION 

In thin manual an attempt w i l l  be mado to rummarite and correlate the quantttptive information 
at  present available on nuclear ndtotlar produced by nuclear w-6. Specifically, it in denlred to 
present methods of detcrmlnlng the tnlusa of b e  from each of the reveral important klua of bomb 
radiation a fuuction of dlltnnce (and in nome canes direction) from the point of burnt. It in nlna 
desired to how tbe e n e r g  dlltrikrtion of the radiation making up the dose and the roy in rhich tbe 
doae varies witb time nfkr burnt Idfdly, there method. nhould be applicable to a wide variety of 
conditirrm, among Otbars, bomb yield. varying from 0.1 KT to 100 MT, burst he(ghts varying from 
-1000 to 200,000 f f n i r  dennitlea varying correrpoadlngly, weapontypea incladtng purefinsion, boo~td,  
and thermonuclear, and hurrt. occurring over both earth and water and in tbe midmt of a wide variety 
of metcorolo&al COIIIW~E. IU practice  am^ with the prenent stpte of -ledge, it in ponriblc to 
provide quantitaUve ntatememin for mly limited area6 of these parameterr. In other only gull-  
tative etatemenin can be ma& and nOmI?tlmes even thin in jnadvtnable. 

Under these circumatnnces rellnnce must k placed onboth experhentnlresult. and theoretical 
analyses. Mea6urements provide the mont direct answers when arrpilnble. Theore t id  nnalyses a re  
uaed to affordsome understanding of the mechanisms involved, rotbat result. can bepredlctedin arm 
where ezperiments arelacking, IlldOOthntelperhental~mdte e n n k  appliedto a vpriety ofconditions. 
It should be noted Wmeanurement.bearIng on important problems are oftenlacldng; in ddltim, when 
they are asoilrble they are  often in d i c t  Similarly, the theoretical analynen are not alyays a d -  
able; when they are  availnbk, they are, necessPrily, based on simple models. Tbw, the method. and 
results which follow are  often subject to large and unknown errors. Where possible, an estimate of the 
magnitude of these errors accompanier the individual section or chapter. 

A d i P r g  to the diacunnion of the rndlaUon doses themnelves, information in prenented on rev- 
err l  related subjects much a6 the biological a6pects of b e ,  6hielding againnt the ueveral types of 
radiation, and the dpPPmicr of the atomic cloud. 

'Ibe rubject matter in divided into neven chnpters, each of which is briefly outllned below. 
Chapter 1 (General Consideratiow) introduces the problems of nuclear radiation and cover. thone 
general aread which sue neeennary to a more detailed understanding of the subject. Since It i n  &sir- 
able and helpful to have a general knowledge of the nature and functional concepts of nuclear wsnpoos, 
discussions of the finsion and fu6ion reaction6 and of weapon & n i p  and con~truction are prenented in 
Sectl~as 1.2 1.4. Folloatag theae sections are  introductory treatments of cloud dynamicr 
(€action 1.5). the rslntlauhip between radiaticn flux and dintance from the nource point (section 1.61, 
and terminology of biological do- (Section 1.7). Finally, the calculation of the averngt? air density, 
which applies to each of the later chaptern, in covered in €action 1.8. 

Chapter 2 present. a mare detailed treatment of the biological effect. of nuclear radiation. It 
reviews the source. of biological &ta, the pertinent unltn and definitioarr, and ~everal of the mewurtng 
techniques. Radiation effects are cauidered, first due to sources external to tba bodp and then due tu 
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internal sources. Both the immediate reactions (whir41 may include nausea, dtprrbea, wmt lms, 
fever, changes in blood count, death) and the longer-term effects (which may indude reduction of life 
span, cataract formation, i-ment of fertility, and genetic effecta) are descrW The depe-ce 
of these effects on the totaldose and on ita distribution intime ie covered mthoroughly aa our present 
understanding permits. Current values of tolerance levels for external and internal radiation are 
presented. 

Chapters 5 through 6 diecuss the four generalcategories of nuclear radiation which result from 
the explosion of a nuclear weapon. 

hi*mma radiation (Chapter 5) is radiation af electromagnetic waves similar to X-radiation 
except T a t  the associated particles or- poase6a much greater energy. (Photons, o r  gamma 
rays, are not particles in the technical sense that they do not possess a non-vanishing rest maas such 
as is possessed by electrons, protons, neutrons, etc. Nevertheless, they do possess other important 
properties ofparticles and it is more useful tothink of them p8 w t i c l e s  forthe pwpose of the present 
work. ) Initial gamma radiation is emitted during abaut the first 60 seconds after the ttme of burst. 
This time limit is somewhat arbitrary, being choseofor Purely PraCtiCPl r e m s .  Actually, by far the 
greatest portion of thif radiation is emitted during thefirst few second# after burst. The source of the 
radiation is the material in the which later becomes the atomic cloud. Initial gamma radiation 
usual ly  refers to radiation effects a t  points external to the cloud. 

Neutron radiation (Chapter 4) is also emitted during this Sme  time interval. A neutron is an 
electrically uncharged particle whose mass is nearly the same as that of the nuclew of the hydrogen 
atom. There is reason to believe that most of the neutron radiation of biological importance is emitted 
nearly instantaneously at  the time of burst. The sources of neutron radiation are also contained in the 
fireball, and neutron radiation also usually refers to radiation effects at pointa external to the cloud. 

Residual aamma radiation (Chapter 5) is of importance at later times. It occurs when radio- 
active debris from the fission process is scavenged Out Of the atomic cloud, by large particles of earth 
for Instance, and sifts h-ack down to the ground underthe ipnuence of gravity and the local atmospheric 
conditions. The sources of residual gamma radiation, ?ommonly cplledfallout, are then dietributed 
upon the surface of the earth and irradiate the whole general environment. 

Residual beta radiation (Chapter 6) also 0:curS aa a consequence of fallout. The sources of 
residual beta radiation are, in the main, identical to the sourcesof initial gamma radiation. Beta 
particles are the smallest electrically charged particles known. Negatively charged beta particles 
are called electrons and positively charged beta particles are positrons. Under most circumstances 
residual beta radiation is of less importance than residual gamma radiation because the penetrating 
power of beta particles is much less than ‘ h t  of gamma rays. Beta radiation usually affects only the 
skin of an irradiated animal. 

The most important properties of the several particles of concern in radiation processes, in- 
cluding protons and alpha particles in addition to the particles described abave, are given in Table 
1.1:l. 
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Chapter 7 presents a discussion of the atomic fireball and cloud. Attention is devoted to the 
dynamics of cloid formation and growth and to three of the problems upon which these dynamica have 
a strong influence: the cloud an source of moat of the initial gamma and neutron radiation, as the 
generally accepted origin of the material carrying the residual radiation (fallout), and aa a radioPctlve 
region of space which may be penetrated by aircraft. 

1.2 THE FISSION REACTION 

Nuclei of the elementa uranium-255 (Uzu), uranium-258 (vu), and plutonium-25@ (PuZ”l may, 
under favorable circumstances, bre* up into two part. whm struck by a neutron of appropriate energy, 
(The symbols inaide the hracketa give the abbreviation for the element. The superscript on the right 
gives the mass number, which is the total number ofproloo. and neutrons In the nucleus, for the element 
and isotope in question. Often the atomic number, which i. the total number of elementary posittvely 
charged heavy particles or protons inthe nuclelu, is plao given aa a subscript tothe leftof the symbol.) a 



mis fission reaction 1s accompanied by the relea6e of an energy d ppproxlmptclg ZOO Mev (1 MeV = 1 
million electron volts = 1.603 x ergs), which in the r- far the enormow destxuctive power of 
nuclear weapons. The finston products, Le., the large two residual fragments, are not alviays of 
exactly the name size, or, equivalently, of the ume abxnic m ~ s  and number. There are, in fact, 
more thpn 50 different nuclides ahich may arise M a consequence of fission. These h a i o n  products 
are usually formed in highly excited states and must release additional energg before they become 
stable. This energy is released in the form of beta, gamma, and a very small amount of neutron, 
radiation. It accounts for a large portim of the radlaUon effects in which we are hterested. 

The fission process is accompnnied by the aminsion of neutrons. mere PTd an average of Y 

neutrons emitted per fission. The value d Y in be- 2.6 and 4, depending on the type of material 
undergoing fission and the energy of the neutron Causing the fission. A nud l  fraction, ppprorlmptely 
0.73 percent for Uzm, of these neutrone in lomewhat delayed in t h e  of e m i n s i d  since it im emitted 
from the fimion products, but the remainder d the mutrons accompnny the fission process itself and 
are therefore emtttedinslanhneously. The dehyedneutrons dwsrvedexperimmtPlly have not exceeded 
0.7 Mev in energy. 

TABLE 1.19 

Charge and Hplls of Nuclear Particles 

Particle Electric charge, coulombs Rest -8, gm comments 

Electron -1.6 x lo-" 0.1 x10-" Beta particle 

Positron 1.6 x lo-" 0.1 x10-" Beta particle 

Neution None 
Proton 1.6 x lo-" 1.67 x Nucleus of the 

hydrogen atom 

3.2 x lo-" 6.64 x loeu Nucleus of the r u p k  
helium atom 

- 
1.6?xlO-" - 

None None Gamma radiation Photon 

The reactions involved can be written M follows for fleeion in US, where p1 is the p t o l  for 
a neutron. (Those for Pu*" and Was me similar except that the neutron which &uses fission in @a 
must be greater than h u t  1.5 MeV in energy. Therdneut rons ,  on the other hand, wlll inducefission 
in Uzs and Pu"'. ) 

pi (thermal energy) + rp" - 0. on27 Y p' + exctted ftsston fragments 

+ gamma radiation + LInetic energy 

excited fission fragments - 0.0073 Y p' + stable fbsion fragments 

+ beta and &pmma radiation 

uzs la presentin only smallamounts in natural uranium, and mlut be concentrated and purified 

Capture of a neutron by uranium doem not always lead to fission. Instead, a heartier uranium 

for use in nuclear weapons. 

isotope, which does not break up in thh way, may be formed. 



Tbe energy release ofnuclear w o a p o ~  n u y h  wmpuad dthhth. #n- enerw r h e  
from chemical explodves much an TNT. The energy relensed by the complete combmtim of m e  thou- 
sand h a ,  or one kiloton, of TNT 11 4.2 x I@' ern, 1.0 x lo" calories, S.1 x Id' foot-pounds, or 
2.62 x 1 p M e v .  It canbe seen, therefore, that insofar an cmeergy releaae is ccmcemed, about 1.3 x IOU 
fissions are  equivalent to m e  kiloton of TNT, assuming 200 Mev per ii..ioo. 

The number of neutrow per kiloton of energy release ir a l ~  of interest. Let a be the ratio of 
non-fiasion to fiaaion neutxon captures in the wenpoll, including non-hikm caphuea in the fisrrionnble 
material. Then for each Hasion there will be a net of (u-1-a) neutrolu produeed, since one neutrm 
must be used to malnbin the chain reaction. There will be then (u-1-01 1.3 x l@.neutro~  produced 
per equivalent WotDD of TNT. The value of (u-1-01 rill u s d l y  be about 1. 3, but may range from p. 
low as 0.5 to an high an 2.0. SLnce the initial energy spectrum of fbeim neutrow is well horn, It 
can be predicted that about 22 percent of these neutron8 w i l l  initldly be greater lhau S MeV in enerm. 
The percentage emergiug outaide the weapon will, of courae, be amallat b e c a ~ ~  ofenergy degradation 
in penetrating the weapon casing. 

The energy releame ofnuclear weapons, commonly calledthe yield, l a  usuallymeanured in terms 
of kilotone (KT) or megatmu (WT), meaning the equlsnlent number of thounand or million tom of TNT 
which, when completely burned, give the same mergy rebane. 

1.8 THE FUSION REACTION - 
As is now well h o w ,  the fission process ie not the only way In which large amount. of energy 

canbe released bynuclear reactioni. Also ofgreat importauce irthefusioo reactianutlliaed inthermo- 
nuclear weapons. In thin reaction, several deuterium nude1 fuse togather to form helium, tritium, and 
hydrogen nuclei with the release of a large amount of energy. A very high threshold energy la needed 
for this reaction to occur, however, so it is practical only at the high temperaturei ueually attained in 
fission weapons and a fieelon bomb la used, for thii reason, to bitlate the fuslon reaction. 

sbadsjer the deuterium nuclm,  ,& for the hydro- 
gen nucleus, and IT' for the tritium nucleus. 

The fusion reaction la PO follows, where 

ID' + - + + 4Mev 

,d + Id - ,He' + p.' + S.2 MeV 

These two reactions are about equally likely b occur. The following reaction ie about SO tlmes more 
probable and w l l l  ueually go nearly to COInpletIon: 

ID' + lT' - !He' + + 17.6 MeV. 

The total effect of these three reactlons is then obtained by summing, which given 

5 ID' - !He' + ,He' + ,H' + 2 ,a1 + 24.8 mi. 

This is the fusion reactton for what 18 called partial burn. The following reactim 11lena probable, but 
may occur under favorable circumstances: 

,d + ,Hea - ,He' + 

MdW the last two reactions, we arrive at the reactton for what is called comPlete burn: 

+ 18.4 MeV. 

6,n' - 2$e' + a , @  + ,,I+ + 43.2Mev. 
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Neutron# are generated in equul number8 by the DD and the DT raCtlolu, M UII be #em &ope. Neu- 
trons from the former reaction are crudely comparoblc to fission nsutrau in emergy, b t  ~l0.e from 
the latter are much more energetlc -- possesstog an energy of 14 MeV in fact. (The rent of the I?. 6 
Mev is taken up by the recoil of the ,Re' nucleus.) 

Romthe above reactlone it is meenthat there are emitted 1.06 x l@ hlgb energy(l4 Mev)neu- 
trons per kiloton fusion yield in the p a r a  burn cane, and an equal number of lower energg neutrms. 
There Is plso an amrage tow of 16.1 neutrons emitted per 200 MeV, which may be compared with 
( U - ~ - . Z ) -  1.3 neu~coos per fission ehPractsristic of fission reapone. Thus, theranmuclear werpmr 
generate many more neutronn for any glm field than flnsiw reapno. 

Corresponding figure8 for the complete burn cane are 0.605 x lp high energy neutron# per 
kiloton, and an equal number of lower energy neutrons. Bimilarly, there is a total of 0.24 neutmm 
per 200 MeV. 

~n actual weapons, thetrue burn ln intermedtatebetweenthe partlaland the wmplete burn w e n ,  
usually d a e r  to the partla than the complete. 

The totalenergy released in the explwion ofathermanudear weapon is wmprised ofthe energy 
yield from the fusion reactlon plus a large yield from an associated fLa8ion reaction, which La not only 
that due to the initi?tlng bomb. The 14 Mev neutrons generated in the futon reaction are utilized to 
initiate addittonal fission in both d" and Vas. (In this reapect fuian neutrons differ from thwe pro- 

added. The fusion neutrons are utilized to augment the fission reaction in the uranium, thru giving CUI 

appreciably increasedfission yield compared to that which would occur in the absence of thedeuterlum. 
The augmented fission yield is much greater than the direct fusion yield. - - 
1 . 4  WEAPON DESIGN AND CONSTRUCTION 

The characteristics of weapon radiation, particularly neutron radiation, are eenpitive to the 
details of weapon design and construction2 The following discussion is confined to fissirm weapon8. 
Thermonuclear weapons, for reasons of security classification in design, are beyond the scope of the 
preeent treatment. 

Weapons are stockplled with their fissionable material8 in a subcritical state, n@nUying a 
configwatton such that no nuclear reactlon can occur. Critlcalltp le reached Men the configuration is 
altered in such a way that the nuclear reaction can just barely start. Further alterations of the same 
type result In supercriticality, which means h t  the nuclear reaction, when mtarted, wlll proceed faster 
and much more vlguroualy. 

It is Important that there be no stray neutrons present while the system is going supercritical. 
U such neutrons are present,predetonation m a y  occur. Predetonation occurs whenthe nuclear reaction 
commences before a condition of mvdmum supercriticality is reached. The result may be aAzzle, 
nignifyingthe release of a much smaller amount of nuclear energy iathe explorion UW under optimum 
conditione. Under normd circumstances (no predetonntlon), at the precise moment that madmum 
aupercritlcality is reached, an artificial neutron 6ource 1s activated, the fission reaction commences, 
and the explosion ensues. 

Criticalitg Is achieved from the initial subcrltical condition in a number of ways. The most 

I 

common la the spherical imploslon system. A spherical hi@ explosive shell surrounds the flsstonable 
material. Thls Ls exploded at the proper Umeby detonators symmetrically placed on the outer surface. 
A spherical imploslon shock wave progresses toward the center of the system, compre8singtheflsslmn- 
able material abruptly into a highly supercrltlcpl etate. At the lplt moment, the shock wave hlta the 
center of the weapon wherc it  activates an artIficlal neutron 8ource; the weapcm then explodes. This 
type of weapon I8 spherlcally symmetric. The neutron radtatim b m a t  mtroagly influenced by the 



thickness of the hIgh exphive shell. The hi@ explosive cmtpiru hydrogen, which is very efficient Ln 
degrading the energy of neutrons by the process of elastic collision. Recent design has tended in the 
direction of making the high explosive shell thinner and thinner, resulting in less and less attenuation 
of the neutron dose by this hydrogenous material. 

e 

chievlng criticality does -- not depend c mpression of the fissioanble m a t e r i a  Instead, the flBsionable material is divided into 
two parts which are subcritical when separated. Thi functim of the high e x p h i v e  at the ends of the 
apparatus in this case is merely to Psaemble the two ;wta quickly. Such weapons are called gun-type 

Stockpiled weapon types are  usually identified by a Mprk number,. which is abbreviated MK-. 
When the models are stlU experimental, they are identified instead by a TX- number (1. e., Mk-35 or 
Tx-35). 

Weapons are boosted, when desired, by making minor modifications of the basic unboosted 
weapons. Boosted weapons fall into the same general classillcations outlined above. 

As previously noted, the weapon strength is called the yield and is glven in term of equivalent 
weights of TNT in kilotons (KT) or megatons (MT). The y k d  I s  controlled by the actual physical size 
of the weapon and by ita detailed design characteristics. A change in physical size rasulta, primarily, 

All weapons tested to date of up to about 100-KT yteld have been pure fission weapons. In the 
range 3f 100 KT to about 1 MT the weapons are either pure fission or  boosted fission weapons. In the 

1 . 5  CLOUD DYNAMICS 

For purposes of discuesing initial and residual gamma radiation, some knowledge of cloud dy- 
namlcs is requlred Only the necessary definitioas and a very crude demcription of the phenomena in- 
volved are presented bere. A more detailed discusion w i l l  be found in Chapter 1. 

Just after the time of bursf the weapon components are extremely hot. They expand rapidly, 
engulfing air from the atmosphere as they do so. In these early stages of expanmion, we speak of thb  
as the A. the fireball continues to expand, it also rises becouse of the low density of the 
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material in ita interior. Further exwinsion and rb ing  i. lemmpaaied by cooling, md the edges of the 
fireball become somewhat less ebarply defined. We then speak of the ltDmic cloud or justof the* 
The cloud, except for very minor differences, ta j u t  the fireball at a ktsr afage of development. e 

The cloud rirr i. dowed and, for nufficiently low-yield weapons, It ta rtDpped at the clevatim 
of the t r o ~ o ~ a u s  e. The tropopauae la the boundary between the trow BRh,hUC and the stratomhere. The 
troposphere ia the lower layer of the atmosphere in which nearly all vertical cmpcctlm nod turbuleace 
occur. It is characterized by a general hear decrease of temperature wlth alUbde,althougbldtsed 
temperahe  inversions at low dtltudes occur frequently in some parts of the rorld. The stratosphere 
is that portion of the atmosphere above the troposphere and in charactrrized by a constant or .Ilghtly 
increasing temperature with altitude. As a consequence, the air in the ntratoephere ta quite stable 
with reapect to vertical motion, a n d h  therefore stratified into layers. The elevation of the eopcpouse 
depends mainly on the latitude and seasm of the year, although local weather disturbances may came 
marked variations fromthe normal. The heightof the tropopauae in generalvaries from about 55,000 ft 
at the equator to about 90,000 f t  at the poles. In middle latlludes, it varies from about 40,000 ft in 
summer to 99.000 ft in winter. Cloud dynamics, in turn, are  markedly atfected by the hei#t of the 
tropopauae. Strong local inversions at lower levels, lilrewise, IXLI exert a damping effect on the cloud 
rtse. 

1 . 6  FLUX-DISTANCE RELATIONS 

This section consists ofa discussion ofthe relationsbetweentheflux ofiniuplgamma or neutron 
radiation at points exterior to the flreball and the associated distance from the point of burst. 

The nux of any type of radiation is the tgtal number of partlcles(gamma ray photons, neutrons, 
electrons, positrons, etc.)per unit area and pe? unit time arrivhg ata particular point from all dlrec- 
nons and atall energies. The unscattered flux Is that portion of the total flux which arrives directly at 
the point in question from the source, without having suffered any previous collisions. The unscattered 
flux 16 monodirectional if the source of radiation is a&. 

For the sake of conciseness, the time integral of the above is also often called the flux. 
We are often interested tn the flux due to particles (espectally neutrnnn) within a preecribed 

range of energy AE, because he biological effect of the r W o n  is related in a complicated way totbe 
particle energy. I 

The unscattered flux @u ata distance or slant range R from apoint source ofradtatlon of- 
m ( t o t a l  number of particles, or particles per unit time) in a uniform homogeneow medium ie given 
by 

1 P 
Pt= r = PPb = 

t to 

(1.W 

The symbol y is the =linear attenuation coefficient, and At is the total mean free path. The symbol 
p is the denstty of the medium meaaured in unite of standard dennlty. Quantities measured at  the stand- 
ard density a re  80 designated by means of a cero snbscrtpt. Thus, 9 and X are  the total onenuanon 
coefftctent and mean free path at the standard denstty. These equations show that 4 and l / A t  are pro- 
portional to the alr densitg p. 

to 



The tobl  flux 0, bowewr, r l ro  include. radlaUm which u r i v s s  at the point after scattering 
(and at a lower enera). We deflne the flux buirdup factor B(@ much b t  

I B ( p )  itself la often crudely OxpOnentipl in form 

4 PtR 
E(I+R) e 

I where k, ia a cowtant. Thue, 9 tn r l ro  still roughly e4mential. 

(1.83) 

(1.6:s) 

4rR' 4rR' 

(1.64) 

where we call p the apparent linear nttenuation coefficient and A the apparent mean free path. Most 
experiments have meamred p and A rather than 4 and At' The biological effect of radiation is  more 

The buildup factor concept can eprily be generaltsed. One may define, for Lutance, buildup 
factors for flux due to radiation in a mpecific energy rpnee, buildup factors for the energy tramported 
rather thpn the number of particles, buildup factors for biological dome, etc. 

ExperlmenUy, it ha8 usually been found that Eq. 1 .64  remains a falr, although inexact, 
approximation even if the mource of radiation 11 spread outover a broad band of energlea. It al.0 holda 
reasonably well for non-uniform media such aa the nlmosphere, whome h t t y  varies with elemtloa. 
~n thin m e ,  however, i t  L. necessary to caicuhte an average oir density p. Metbod. for d~fngthia are 
described in Section 1.8. 

Serioua modification tn rqulred,  however, became of perturhticm of the medium by the b h t .  
Eq. 1.6:4, even after defining the average air density p,  is still properly true ody for  an infinite 
homogeneow medium. At the tlme of the explomion, a b h t  wave mpreub out from the point of burst. 
This blast wave tn bounded at itn outermost rlrdiur by a sharp discontinutty known pr the #hock front 
which meparatem the quiemcent medium from the disturbed medium. Compremsion of the medium is 
maximum at the shock front. At sufficleotly late them behind the shock front, there -8 to exIst a 
region of rarefied, low density hot air known aa the rarefaction phaee of the b t  wave. Becnuse of 
thls rarefaction *e, the exponential term in Eq, 1 . 6 4  a t  Umes shortly after the t h e  of burst can be 
much more thpn e-PhR. This enhancement of the radiation mhortly after the burst by the mhock wave 
hac been called the hydrodynamic effect by itn &coverer, J. Mal&. 

- closely related to p than to rq. - 

- 
The term time of arrtval refers to the elapmed time required after the burst for an effect under 

dimcumion to arrive at a mpecifled point. (The effect may be arrival of the .hock front, contaminated 
material, etc.) 

Several other term6 which occur repeatedly in the literature mhould be understood. 

Ground zero, or 
Burst heiaht refer. to the elevation of the point of burst, either above the ground surface -- or 

la the vertical projection on the earth'# surface of the burst point. 

sametlmem, above mean m e a  level. 



slant range R la the &laace from thepoint ofburrt to that point at which the d u e  of fluor 
dore i. desired. If EO& a point la m the pound rurface, R o b v i ~ l l y  utt.fier the rela.Um 

R' = (distance from grcnmd M ~ O  to receiver)' 
' e  

+ (bight of burit above the ground surface at b~ receiver)' 

e 

We ihould whr i tmd,  bmsver ,  that neutron radlatim urd gamma radiation from the flidm 
products emanate from a eource which, to within a g w d  rpprodmptlar, 1. L poisi .ouTce of r m m  
at the center of thefireball. W l ~ ~ t h s  neotrods hove been .lowed &wn to thermal eaergy by aucceinive 
collisions in the air, they are uplured by nitrogen nuclei. About 6 percent of theme excit6d nuclei then 
emit nitrogen capture gamma radiatla~, which la ofquite high energy(m average of about 6 MeV). Thb 
radiation i6 part of the initial gamma radlatim, but obviously it. MuTce la dLhtbuted over a much 
larger dumethauthe gamma radWionfromfbsion pmducla,and the pointnourcetreahnent i n  a much 
poorer approdmntlm. "hi6 la e6pecially true at high altitudes. 

1.7 BIOLOGICAL CONSIDEZUTIONS 

The relation between radiatlm flux and hiolcgical damag6 is wry complicated. It wUl bc dll- 
 CUSS^^ in Chapters 2 and 4. In tbe preaeatparagraplu only 6uch WLnitlmr are inclnded as are necee- 
.uy to understand the terminology. 

in a generalterm d t o  6-m 6ome memure of the radiation ahorbed by an organh. 
Dose is measured in ieveral M e r e n t  LLnb of units which are deacribed below. 

One roentgen m i  reprcuents thatamount ofgamma radiation which, when .b.orbedh m e  cubic 
centimeter of pure dry air at me atmosphere pressure and O'C,wUl gumrate me e. E. u. of charge of 
either sign, that in 2.08 x im-pairs. (b ion-pair t i  the combinatim of a h e  electron plus a pori- 
tively charged atom which b mbiing m electron.) Since one ion-pplr requlrer the expenditure of an 
energy of S2.6 ev to form, thla la equivalent t6 0.108Z erg-cmJ or 83.5 erp-gm" d air. 

One roentgen eq uivalent physicalor i. defined as thntamount of radiation ofley type which, 
when absorbed in m e  gram of organic tbnue, w i l l  depoiit 93 e r p  of energy. ('IW6 unit hu al6o been 
defined in the literahme M 84 erg-gm-' of tirsue, which hu led to mme cmfurim. The latter Mini- 
tion will  not be lured in the preisnt wor t  ) 

One-is defined PB tbnt amount of radiation of any type which, when abwrbed in my material 
(not necessarily tissue), rill deposit an energy of 100 erg-gm-1. 

when absorbed in manunallan tiuue, wUl c u e  the mame biological damage -- accordlagto any deflnite 
but arbitrarily defined criterion -- PI the nbsorptim ofone rep of 400 kev (1 lrav = 1 thouaaud elechon 
volts) gamma radiation. 

ia defined as the ratio of Lbe &we in rem to the 
doae in rep. It La vary clore to unity far p m a  rays above 400 kev, hut I6 greater thpn unity and is 
dependent on energy for neutronr. 

Neutron radiation dosngc~ can be m-ed in rem, rad, or rep. It cannot be memured in 
roentgens. Gamma r.dlptlm, m the other hand, is most commonly meluured in roen-. Thi. b 
identical to the dose in rep or rem for photoni above 400 t e v  in energy. 

The a or 50 percent lethpl do6e la that done of my type of radiatim which rill uu6e the 
death, within a certain period of time (wually 50 days), of 60 percent of the population of organinnu 
irradiated. 

(he roentgen w uivalent man (or mpmmall or e in defined as that amount of radiatien ahich, I 

The relative Mological effectivenesn or 

Important 6lmpUficaUau in the rslpnmi between radiation flux md b e  occur when 

1. The nh.pe d the flux anera .pectrum i. c m t a n t  from point to point within L utbfactorg 
degree of rpprodmPtlm. In tht. EW, the h e  in both rep and rem b nimply proportid to the btal 
flux in any specified energy range. 



a. Tbe REE ir c m t n a t  with energy so that the b e r  0 rem .nd rap p ~ e  8ith.r identicpl or 
directly p r o p o r t i d  to each other. 

1.8 AVERAGE AIR DENSITY 

The exponentialterm in Eq. 1.6:4 for the tot;ri(scaUered andurucattered)radlaUonfrorn a point 
For a non-homogeneow atmosphere, source in a homogeneou medium la %veri a8 e-@ or e-Pk@. 

however, this exponenu requires generalization. ~n approximation due to Weidler and ward, 4 
is .salleiactory for most applicntlonn, although not e m f  raplaces these t e r m  PI follows: 

- where 
p = average apparent linear attenuption coefficient between point of burst and recelver 

= average air denslty between point of burnt and receiver, expressed in units of 4 
4 = density of pure d q  air at 0°C and one atmosphere pressure, 1.29s x lo-' gm-cm-' 

= apparent linear attenuation coefflctent for air at density d,. - - 
stncethe eqxmenttal term willnormallybe expremed intermn of the apparentlinear attenuation 

cEfflcient at standard condition8 p,, It l# therefore equal to e-P@ for homogeneoun atmospheres and 
e-PPoR for non-homogeneous atmospheres. The required values of D or ; are calculated an outlined 
below, 

If the pressure and temperature of the atmosphere are  unlform between the burat point and the 
recelver, the air density p may be calculated from the Ideal gan laws and a knowledge Of the Pir pr6s- 
sure and temperature. 

P 1 *a P = 0.289 - p=q- f T 

where 
p 

A,- average moleculv weight d air 

G = gasconslant 

p = atmospjerlcpresnure, millibar8 

T - atmospheric temperature, OK. 

Eq. 1.8:Z is presented graphically in Pig. 1.8:l  

- a h  density betweun burst point aod receiver, expensed in unit. of d, 

If the preanure and temperature dllferencea of tt 
recelver are nrnall. the average air density may be d 

(i.8:a) 

Ptmonphere between the burmt point and th 
mtorlly found by taldng the average between 



the densltg at the burst polnt pg and at the rewiver PZ, there point dmultier in hun being ' e ~ l c d ~  
from Eq. 1.8:l 

- 1  0.260 
(1.8:s) . 

If the pressure and temperature dtfIerenCe8 ktWeen the burnt point and .?he receiver are not 
a d ,  the rvernge air d e ~ l t y  m a y  be found BIWteaSflY through a howledge of the preraure and elevn- 
nm of the two pointa. 

1. 1.0 

0. 0 .8  

a 
3 - 0. 0.0 

3 0. 0.4 

! 

0. 0.2 

0. 0 . 0  

Prcaaure p. hundred maibars 

mgure 1.8:1 ~ i r  ~ensity p (in un~ta of 0.001203 gm-cm-')os a Function of Presaure and 
Temperature. The curves are rpaced at 10' intervolo going monotrmicpuy from -SO"C to 
6 0 ° C .  P P = 0.269 - 

T 

If y reprerenta the elevation, then dr lr proportional to dy along the straightline cwnectingthe point of 
burst and the recelver. 4. 1.8:4 may then be written 



where 
= elevatlm of the receiver - ele?atlm of the burst point 

YZ 

YB 
AY = Y z - Y B  .. 

The relationship batwecp change in pressure with elevation ta 

dP a -pgd(dg 

where g = acceleration of gravity. 

Substituting for pdy in Eq. 1.85 yieldn 

If Ap is expreeeed in millibars and y in feet, thla becomes 

(1.W 

(1.88) 

e Eq. 1.8:8 is presented &apUcally Ln Flg. 1.W. N&f al l  calculatiau of intrmst w i l l  be handled 
adequately by E q .  1.82, 1.89, and 1.8:8, and the u.oCiotrd figure% 

In addltion to b e  three equat io~,  presented above, &ere axe other relatimshlpr ahich may be 
useful in special circumstances. 

If an a low order approrlmptim one PuIunes the temperature of the atmorphere to he unlform, 
it can easily be shorn that 

(1.8:B) - 'B - 'Z 
P '  

PB 2. so3 lw,, - 
PZ 

AS a matter of fact this la a better approximation than 9. 1.83 and far smPI1 valws of (p /p 
reduces to Eq. 1.8% B e e w e  Ita accuracy is quite satbtpctory far ctlrreot uses and it is s & d ;  
use, F,q. 1.8:s is recommended, however. 

A second alternative relation la derived If i t  in ansumsd tbot the temperature miem linearly 
with elevation, an ~aumpt iar  which la correct within the trapoaphsre. Under this condition 

(1.8:lO) 

I 
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Preuure mffumce Ap, mumarm 

Plgure 1 . 8 2  Average Nr Deaslty 
Difference in Pressure and ElevDtlon Between the Point of Burst and the Recelver. 

(in unlts of 0.001293 --em-? an a Function of the 

PROBLEM 1 

The pressure and temperature at the point of burst are oven. The air between the burst point 
and the recetver 1s at the same pressure and temperature. It i. required to compute the average klr 
denslty p between the two pobts, in unlts of d( (1.295 x lo-' pam-cm-'). 

Solution 

I - 

- 
1. Convert the unlts of pressure tomUlIbars and temperature to 'K if the Informotion hp. not 

been supplled in these unlt.. (See the list of conversion factors after Problem 5.) 

Elther compute the air density at the point directly from the formula 2. 

PB 

=B 
pB = 0.269 - 

or read pB from Flg. 1 .8: l .  Since the temperature and prersure are constant between the 
two point., the air denslty at the,point of burst pe, i. equal to the &mired air dcnrlt~ p. 

Example 

The air pressure and temperature between the pointof burst and a recelver paintat a bmirontal 
distance of 2000 yard. are 950 milllbarr and 20OC. It i. required to compute the alr denrltg in unit. of 
1.295 x IO-' gram-cm-' between theme two point.. a 

. 



1. we mwt EmrVt tho t.mpunhwm to 'k Ihlu, T - 07s + Oo - P o r k  
a. The air danrlty p b gtvm bp 

p = 0.269 - P - 0.260 = 0.87, T 

whlch can alno he read from Fig. 1. El for p of 950 millibars and T equal to soy. 

PROBLEM a 

The premsure and temperature at both the point of burst and an extend  point are given. The 
pressure, temperature and difference in elevation between the taro pointe are not greatly different. It 
is required to find the average air denslty between the ta0 points in unite of 1.103 x lo-' gram-cm-'. 

1. Convert the mite of pressure tn millibars and temperature to'K If the information bnr not 
been supplied in theae unite. 

2. Compute the average air density directIy from the formula 

- 1  P = y bB+PZ) =7 o.ma ( p ~  5 + 2) 
Example 

At the point of burit the pressure is 960 millibars and the temperature 15'12. At the external 
point the corresponding figures are 900 millibars and 1S:G The difference in elevation la 1500 ft. It 
is required to find the average air densitg between the taro points in unite oi 1.293 x lo-' gram-cm-'. e 

1. We muat convert the temperatures to OK. 

2. TII~  average air denrtty is given by 

PROBLEM S 

The presiure at both the pointof huritand a8 externalpoint are glven. The difference in eleva- 
tion is almo given, and thi. may h. luge (more thau 1500 tt). It 1. required to find the averwe air 
denrity botween the ma point. in unit. d i.zoa x IO-' gram-em-'. 

e 1. Conwrt ths unit. afpremiure to mlll ibui  and ditlerrsoce olelevationto fwt if the infarap.- 
tta W- not r m i d  in them m t 4 .  

.. 
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2. Either compute the averaga air dsluity m c t l y  from the formula 

o r  read; from Fig. 1 . 8 2  

Example 

The prerrure a t  the point of buret la 1000 millibar@. At a receiver of higher dtlW the prer- 
sure la 100 millibars. The difference in olevatton frr 10,000 ft. It l a  r q u l r e d  to find the average alr 
denslty p between there points in unlts of 1.293 x lod gram-cmJ. 

1. 

2. 

No changes of untb are neceraary. 

The average air density p L. given by 

which can alu) be read directly from Fig. 1 .82  for Ap of SO0 millibar8 and Ay of 10,OOO ft. 

CONVERSION FACTORS 

For convenience we include here mme formulae nnd eollvcrrim factorrior w e  when input data 
are  eupplled In unlts different from those illuitrated. 

Units of Pressure 

i etandard atmosphere 
= 28.92 in. of mercury at O'C 

E 18 cm of mercury at O'C 

= 33.9 i t  of water a t  4-C 

= 101s.25 rnillibPrr 

5 14. I b i n . - '  

= 2111 Ib-it-' 

= 1000 dyne-cm-a 

1 millibar 

Units of Temperature 

F - temperature ia degrees Fahrenheit 

C = temperature In degrees Cmtlgrade 

K = temperature in degree8 Kelvin 

C = 5/8 (P-S2) 

K = c + 213 

I 
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5 

1 meter 
= 3.281 It 

= l .OQ4yd 
= e. air x io-' miles 

1 in. 

= 2.54 cm 
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Chapter 2. 

BIOLOGICAL EPFECTB OF RADIATION 

2.1  INTRODUCTION 

This cbapter baa been prepared to provide a review of the broad field of radiobiology PB it 
applies to military problems. 

There are  nome data availablefor man whichare notpPrticularly satisfactory. There Is alarge 
volume of data obtained from laboratmy and weapons test studies in experimental animals. It Is maul- 
featly not possible to cover Wain lhe rcopa of this document the entire field of radiobtologg. Thin 
chapter attemptsto revieathe problems a d t o  point outandevaluate arm of controversy. For details, 
i t  is suggested that the readw amrult the general and specific references. 

In many respects the data presented in other sections of thin handbook have been collected for 
the purpose d evaluating the bpcprd of hi-- radiation to personnel. Except at very high dosages 
(10,000 r and greater), ionizing radiation i. without effect on ordinary material other thnn radlatIm 
dosimeters and photographic fUm. The basic purpose of thls chapter in to provide some guldance in the 
use of physical data for the esUmatim of personnel hazard. There w i l l  be some repetition of physical 
data detaIled elsewhere in this haudbo& to provide continuity. In m y ,  if not most, instances the 
needed correlation between exposure dore and clinical findings is lacking because of insufficient data  

8 .  

e 

2.1.1 SOURCES OF DATA 

The primary wurces of pertinent medical radiobiological information are: 

1. 

2. 

3. 

4. clinical radio-therapeutic ezperience. 

the evaluation of the results of the Eiroshima and Nngpsaki experience by the Atomic Bomb 
casualty Commission (ABCCP, 
the evaluation of the results ofthe accidentalexposure ofthe Mvrhallese during Opgyptlon 
Castlet, 

accidents in atomic energy laboratories3~ 4, and 

In additim, there Is a large mlume of experimental animal data from which certain inferences 
regarding mau may be drawn, but which w n o t  be directly applied. 5* 6, ’ In general, animal experi- 
ments indicate the pattern of respolue tbnt may be anticipated in man, but a re  not an ideal source of 
information. Significant differences in details, particularly quantitative, preclude direct extrppolation 
to man. In f a c i  aIi sources lack certain pertinent critical information. 

As an example, review of the problems associated with the calculatlon of rdiatim &sage at 
Hiroshima and Npgp.nLL results in the emelusion that at Eiroshima neutron effects might predominate 
while at Nagasaki, “nearly all the &sage Is due to gamma rays. ” h i d e  from the difficulties associated e 



with estimating the flu and energy spectrum of neutrona and the gamma ray dose, Figure 1.13 fflm- 
trates the difficulty in ansigning to a given location a number for dose became of the rapid decrease of 
the dose with ground distance, both for neutron and gamma rays. Thin t. without eonsideration of an 
estimate of shielding factor.. As ON1 be discussed later, the biological effectivenems of neutrons may 
be greater Uurn gamma ray.. Compprinon of the result. obtained at  Hiroshima wtth thwe at N-aU 
should make some provision for this difference. But, in addition, the flux and apectrum for a given 
location are  LIO poorly h o r n  that, in all probability, quautitathe data purporthg to relate lethality to 
dose are  of dubloua value. 

The dosimetry problems aasoclated with the exposure of the b¶amhaUeme make it difficirlt to 
determine precinely the gamma ray dose. The data were insufficient to permit oven an attempt to be 
made to estimate the skin dose resulttngfrom soft X-ray. and beta todlntloa. The many problems and 
uncertainties involved in the dosimetry of accidents in atomic energy laboratarten are pointed out in a 
description of an accident at the Argonne N a t t d  Lpborptorg. 

' . ., 

I 

Figure 2 . l : l  Neutron and Gamma Radiation an a Function of DIstance Estimated for 
Bursts at Hiroshima and N z g a ~ a k i . ~  The gamma ray donage in roentgenm in plotted as a 
function of the distance along the ground from the point ju6t below the bomb explosion. 
The number of neutrons-cm-' Is indicated in the scale at the right of each drawing. This 
scale applies for slow neutrons, namely thoee below 1 ev, and for faat neutrons aa indi- 
cated. The faat neutron curve represents a red ly  wild gue.8. 

2.1.2 TYPESOFHAZARD 

The personnel hazard may be divided into Immediate and late conmiderationr. The immediate 
hazard is thatinvolved in thr production of acute effects, princlpally lethality, acute radiation illness or 
skin lesions. The long term problem is that of the late effect.; thin involver both the individuals Con- 
cerned and, through the genetic changes produced by radiation, thetr progeny for many generations. 



V 

2.1.3 8OuRCES OF RADIATION 

There a re  two 

1. 

sources of ionizing radiatlm to be canaidered. Theme arc: 

Wrnrl gpmma, beh, and neuhm rdiotion. For reddual radatIon thir la a combtned 
beta andgamma radiatloa; for initial radiation, neutron8 are  an additimaleource ofioniring 
radiation. 

Internally deposited rdiWtive materiala. For military co~iderltfolu, this is a problem 
associated with fallout. 

2. 

2.2 EXTERNALRADIATION 

a.2.1 MTRODUCTION 

External radiation wnstitutee a potential hazard to personnel from the moment of detonation of 
M atomic we-. The initial radiation c a ~ i r t s  of gamma and neutron radiation, propagated for large 
distances in air. In additton, vlthtn the cloud there is beta radiation, but lt l a  difficult to cmceive of 
a situatim where beta radtattm willcoostitute a personnel hazard before fallout occurs. While falling 
and after completion of fallout, the external radiation co~is ts  of both beta and gamma rdlotion. 

1.2.2 MlgIMETRY 

From the afsudpoiat of emtimation of personnel hazard from errternnl radiation, the h i e  nec- 

1. the type of mitation, whether i t  be gamma, beta, neutron, or aome combinatton of these, 

2. kywledge of the energy spectrum and flux, and 

3. sourcegeometry. 

essary physical data are: 

2.2.3 UNITS OF DOSE 

There a re  several mlb of radlation dwe currently employed. 10 

1. Roentgen - that quantity of X or gamma radiation which produces, in 1 rm' of pure dry air 
at STP conditions, 1 e. E. u. of charge of either sign, thnt te 2. 08 I 1d ion-patrs. [(ince one ion-pair 
requires the expenditure of 32. 5 ev to farm, thin is equivplent to 0.1082 erw-cm-' or 85.5 ergs-gm-' 
of air. 

Rep (roentgen equivalent physical) - that quantity of ionizing radiatlon which results in an 
&orbed dose in any moterial at the site of interest that is equivalent to that obtalned from 1 r of 
gamma rays; this quantity ir wually taken as 83.5 ergs for 1 gm of air; for soft tinsue this is OS e r p -  
gm-' tissue. This unit is independent of the lype of energy of the ionizing radiation. 

Rad - that quantity of ionizing radiation which results tn the transfer of 100 ergs-gm" to 
any material. This is a recently adopted unit. It can be seen that for soft tismue it is almost equivalent 
to the rep. 

Rem - roentgen equivalent mammal (sun) to be defined later (see Section 2.3). 

I 
2. 

3. 

4. 

From these definltioar it 1. seen that the roentgen is a unitapplicable only to X or gamma radi- 
ation, whlle the rep and rad are  independent of the source type and energy. 

2 2 .4  CONSIDERATION OFDEPTH DOSE CURVES AND CORRELATION WITB BIOLOGICAL EFFECT 

The effect of ionizing radlation in primprily dependent upon the dose absorbed in tissue,@ the 
dose measured in air. The basic problem 1. a determination or a cnlculatiw of the absorbed dose in e 
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tissue. Tbir ia PrObnblg best approached through the u e  of 8 depth doM carve. A &pth b e  CUT= ia 
a graph of the relative amount of iOntzOtlon produced It variou depth. in the body or mme other pb- 
sorber. Depth dose curves have had extensive application in mdlnnm therapy and in rodlobidc@d 
research. It ie thi. experience which makes possible the qnantitaUve predlctia of b&loglcPI effect 
trom a depth h o e  curve. 11 

~ o r  the range of beta particle energies encountered in 5mim pro&& nxcdmum penetration 
into tisoue in of the order of millimeters, while for X and gamma rays and neutrons the degree of 
penetration can vary from afew mfflimetersto those which traverse the entire body. AE a consequence 
of the change in absorptim coefficient with X-ray energy,mehPttoa into the body varIes with the en- 
ergy. For example, at 50 gyP the dose delivered to tissues &@per than 2 cm ia very small compared 
to that at the skin surface. The skin surface dose to produce in % ( l e u  W e  for 50 percent of the 
irradiated populptLan) mIghtreaaonably be expected to be graptufor 50-KVP %-rap than for 250-KVP 
X-rays since the 50-KVP X-rays may be Considered to produce a “burn, ” while arfth 250-KVP 
X-rays a relatively uniform dose throughout the body La produced. Pig. 2.2:l shows the variation in 

L4, for dogs for bUaterpf radiation PI a function of enem.*2 (In this LnstpDce half of the total dome 
wan delivered to each ride of the animal. ) Thta figure de-bateo that below 175 KVP the air e m -  
sure done % increases rapidly to 6000 r at 50 KVP. WIth the weaker x-rays, only the skin and 
subcutaneous tiesues are  irradiated. The dose to produce lethality inereores with decreMin6 X-ray 
energy, since the deeper tlmsueo are not irradiated. At 50 KVP the dlatributlm of the dose in the ttasue 
is comparable to that produced by external beta radiatim in the r m p  1 to MeV. Thb makes thL. 
energy (50 KVP) compprabk to external betp radiation, and It mold be antlcipated that the dose to 
produce 50 percent lethality would be comparable to that required for external beta radIatim. 

I 

Figure 2. 2:1 The ~ 4 (  for DOES for BilateraI -on an a  unction of Energy. 12 
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md, in rutiiclent quantity, produce a mnditim b o r n  PII a “beh burn” which ~ p t l  be l e u .  Ibe two 
principal eonalderatioui in the evaluatim of the hazard of beta radiation to the body are: 

1. dose to skin, and 

2. area of skin involved. 

For example, i t  has been determined that the LD# (lethal &me for SO pekcent of the irradiated 
population ia SO days)for beta r W m t o t h e  entire body r u l r f r o m  2200 rep (baby rat) to 11,000 rep 
(rabblt); lS whfle the same dose ranp delivered to P omall  area af skin, e. g., 1 cm’ will not result in 
death, but w i l l  produce only local changes in the skin. The relatively low LQ, for beta radianon for 
the baby rat is probably due to the fact that for such small mlmaln there is sIgnlfiunt LonltPtloD be- 
neath the skin, and while thls is not unlform total body irradiation, a wnaIderably greater percentage 
of the tiesues are  irradiated than in larger anlmaln. 

AaImal rbdles  indicate that the total 
integrated dose to produce 50 percent lethality may be directly proportloop1 to the body mass. -a- 
polation to mur~ ylelds an L4, for beta radiation of approxlmately 40,000 rep which i. not in keeping 
alth other data and should not be used for m y  personnel hpsprd eplculations. On the other hand, from 
another line of approach, the beta radtation L4( dome i. calculpted to be approldmately 5000 rep. The 
latter appears to be a more acceptable value and 1s comparable to the &for  dogs for SO-KVP X-rays, 
but It 1s unestabllshed and must be considered only as an esttmate of quertionable value arrived at  by 
extrapolatton from animpl data. 

X-rays and neutrons of sufflclent energy produce lmhtion throughout the body resultlng, when 
applied in sufficient quantttles, in acute radlatlm illness. 

The lethal dose for beta radlatlon of man i. not known. 

- - 
2.2.5 WSIMETRIC METHODS 

In general, and for most peacetime applications, film badges are the most common domimeters 
in current use. Varying sendtivtty to varlous types of lonking radtationr precludes thetr use for 
precise dose measurements in mixed rpdipnon fields. In nddftion, a t  weapuns test., where mixed 
radlations make the physical measurement of dose dlfficult, Mological dosimeters have been wed. 
Gcnerally, mice are  placed at  various distances from the point of detonptlon in suitable contatnera to 
protect agalnst the effects of thermal radlntlon and blast. Thenthe effect. of the Ionklng radIattm are 
measured by one or more blologIul endpoints. The biological endpoints wed are: I 

1. 

2. 

3. 

4. 

5. 

mortality (30 day), 

change in weight of tbe spleen and thymus, 

depression of red cell formation, as measured by the incorporation of radioacttve iron into 
red cella, 

change in welgbt of the gastro-intesttonal tract, and 

survtval time (tn the supralethal dose range). 

The results are  then compared with awe obtained with X-ray8 in SImUar anlmals under laboratory 
condltlons. The results are  expresaed not in terms of the mixed bomb ionizing radlatlon, but that ai a 
particular station, the total effect of the ionizing radhttons received i. equivalent to P particular dose 
of X-rays. 1 5 9  

Chemlcal dostmeters have plso been developed, but a re  less wldely wed than any other type of 
domimeter. It is probable that because of thew relative rimplictty, chemical domlmeters will become 
more widely wed.17 Bcintillntion glpscl dostmeters have ala0 been developed for wide dlrtrtbution In 
the armed services. Gamma radiation la generally beet determined by some type of lonlzation 
chamber, although lf sultably caUbrated, photographic film may be wed. 

Tbe results may be expressed in rem (see Sectlon a. S for definltion of rem). 
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The mauuremcat of neutrons im mom c o m p l u  mere are several methodr; me im the mean- 

urement of flux and energy rpectrum and wlcul?non from thir data of a W t h  b e  curve. The flux 
and energy spectrum of aeuhons CM be determfaed through the 1180 Of the aCtirrrtlon detector m e t h a  
(see Chapter 4). Calculatim of a depth dose curve for neutrons is not a rimple matter. por small 
animala (mice), a first collision Usrue dose calculation is adequate. Assuming a tirsue equivalent 
medlum, the mean energg 0b.Orbed do -.  

where 

E =  

A =  1 
N =  1 

I u =  

incident neutron energy, MeV 

ratio of atomic mass of element I to neutron maso 
concentration of element i, atoms-cm-' 

scattering crors aection of element i, b ~ .  (lo-" cm9 

(2 .23)  

Fig. 2.2:2 shows a first collision neutron &se curve for tissue PI a function of neutron energy. 

I 

.I- 1 1 1  1.1.1 

Figure 2 . 2 4  First Collision Neutron Rep Curve for 

For man I t  1s necessPry to consider subsequent collhlonn and t@ calculate a depth dose curve. 
Such depth &ne curve. have been calculated (see Ng. 2.2:3). 2o The use of auitable Ionization cham- 
bers in a phantom permta a direct determination of the relatlve Ionization PI a function of depth. le 

Table 2.2:l  rhowm tbe calculated flux to produce 50 percent lethality in man for neutrons from 
thermal energy to 3.0 MeV. 21 Thin table demonstrater that from 1 kev to 3.0 MeV there is pppr0Xl- 

' 
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Figure 2 . 2 5  Theoretical Depth Done Curve8 for Mmoenergstlc Beams Inctdrnt on a 
So-cm SMI of Tissue. 20 

Weutrm Enargy 

Thermal 

1 Lev 

3 kev 

IO Lev 

IO kcv 

1C4 kev 

300 kev 

1 Mcv 

1 MCY 

1.8 x 10' 
1.1XlD" 

0.211d' 

4,J  x10" 

1 . 4  xlo" 

1 . e . X l o "  1.1  xi^^(^' 
S , O X l @ @  I 4  x 1 0 @  

1. I a l@' 6 x 10" D. I x10" 

(1) 
Theme Ire estlmatcd values. I1 l a  sug$ralcd UIpt the reader review the M Y c e  tor P 

betler pppreclatlm of h e  methods used Lo ulculatethsae number9 and lhetr salldlly. I! Is probable 
ma1 Unse numbers may bc chaqcd ~IgnlficnnLiy Ln me Iu~ure. 

("BUC~ on the values given ~n *e source refe.rencG~ for cmverslm from rep to ntutrrn-cm-* and 
y11ues of the FiBE m d  L% doas for meukms ol 1. I and 450 rem, respecllvely. 



mately a 94-fold decnrue  lo the calculated f l m r p d u c e  50 percent lefhaUty. P u t  neuhonm are 
Slowed down in tissue by elastic collhicaa of which 85 to 05 percent occur with hydrogen and result in 
recoil protons. Becalue of thio and because of the relatively blgh, compared to X-rays, linear energy 
transfer ofprotons, the biological effectproduced in greaterthan would be predictedfrom a comparable 
absorbed dose (in erg-gm-’) of X-rays (see ~ection 1.9). 

For thermal neutrons, on the other hand, capture reactions predominate. Thene are  the (n, p) 
reaction wi th  N“, resulting in the emlssion of a 0.66 Mer proton, and the (n, 7) reaction with hydrogen 
wi th  subsequent emission of D 2.1 MeV gamma ray. It han been calculated th?t below 10 kev the latter 
reaction predominates. 

Recently It haa been observed that for five test wespoan, within the ground range of interest, the 
bomb neutron spectrum in relatively mutant .  For these flve weapons, a calculation of dose due to the 
entire bomb neutron spectrum caa be carried out from the measurement of the flux of a single energy 
region. It han not bee0 determined d e t h e r  thin wlll hold for other weapon types, althougb prelimltlPry 
re-evaluation of previous wenpons test biological data Indicates that may be eo. 

The dose due to beta radiation h best determined by a suitable thin walled ionization chamber. 
24 As will  be discussed below, an impxtant consideration La the s w c e  and receiver geometry. 

Initial radiation can, to pome extent, be considered to be unidirectional gamma and neutron irradiation, 
the departure from unidirectional being a resultof multiple scattering in air, whllefor falloutradiation, 
the situation is different 

Beta radiation can be considered to arise from two sources: 

1. 

2. 

In case one, the individual is in a Ueld of beta rgiation, and, aside from consideration of the 
protection due to clothing and the attenuation of the flux with height from the ground surface, may be 
considered to be In a field of ungorm beta radiation. However, in case two, there I s  the beta r W m  
arising from “hot particles” contaminating the skin or clothing and producing a local area of intense 
irradiation which can result in a localized skin “burn. ” 

beta particles emitted from fisnion products upon the surface of the ground, and 

beta particles emitted from fission products that cootaminate the skin or clothing. 

Directly measured depth dose curvesfurniuh the mostsatisfactory approach tothe prediction of 
biological effect. The use of smaIl ionizntion chambers in a phantom appears to be satisfactory. 
This type of measurement consists in the placing of a m d l  ioniLation chambers at  various dzpths in a 
masonite phantom. After exposure, the readings of the ionization chambers a re  plotted aa a function of 
the depth from the surface of the phantom. This is a directly determined depth dose curve for the par- 
ticular source, source geometry and receiver. For neutron irradiation af i ra t  collision dose calculation 
with an estimate of the attenuation due to depth is a good approximation. Typical field test beta and 
gamma depth dose curves are  shown in Fig. 2. 1:4. 

2 .2 .6  SIGNIFICANCE OF AIR DOSE, DOSE, AND MID-LINE DOSE FROM X-RAY RADIATION 

1. Collimated beam source geometry 

Considerable confusion han arisen from failure to stipulate how the docle w a 3  measured. 24 This 
is because from the:ume narrow collimated X-rays flux in air, the three gupntlties, air dose, skin 
dase, and mid-line done, can and do differ significantly. ALr exposure is the dose measured infrw 
air, that ia, without bacbcatter. SKin done ia the dose measured with backscatter, that la, the ioniza- 
tion cbamber is placed at the surface of the body. Mid-line dons is the dose either measured in a 
phantom withsize andradlatlw absorption cbaracteristics similar to the biologicalobject under consid- 
eration or calculated from ahowledge of the energy spectrum and absorption constant.. The skin done 
is higher than the nlr exposure dme due to baclucatter. The increme due to bacbcatter varies with 
the energg and may amomtto an increrue ofas much PI SO percent or more above the air b e e .  The a 
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mid-line dose a fmCtlm rd the .nugg .psehllm and body m i z e  mod i. usually leu thra the air b e  
and skin dome. Ibe rsLtloluhtp between air dono .Id m i d - h e  b e  i. &pendent woo the m c e  and 
receiver geometry and with low merw X-rays m the .b.orptlm coefficient. Btnce them L rmuider- 
able vari.tion with Qerw Lo the .b.orptlm CoSffIcient, the rrtlo mid-llnc h e / &  &ae can vary 
considerably. ?or example, from weak X-rays (tmlor SO Kyp), the mid-he  h e  may be w e  
as compared to the SUO dose, in which cane the ratio mid-line dose/& dose w i l l  be very low d i l e  in 
the gamma ray region thir ratio may approach me. 

Figure 2 . 2 4  Comparative Depth Doses in a Pkiutom Man of Initial Atomic Bomb Radlp- 
tion and Radiatim kom a Field of Fissim Products. * bee also 25 and ") The increase 
in dose at 20 cm fortbe resldual rdlptlmfield is a reaultof exposure in mo inlte plane 
source geometry of a finite-alee phantom with measurement of b e  throughout the phan- 
tom. 

It can be readily seen that failure to stipulate the measurement conditions ha6 led to consider-. 
able confusion. 

2. Infinite plane source geometry 

For the case of radiation in afallout field, 1. e., infinite plane source geometry, the relatimshlp 
between atr dose, skin b e ,  and mid-line dose Is different. Direct observation of the hard gamma 
radiation component of a fallout field in a phantom masmite man indicates lhat within the error of 
measurement there is no appreciable change below 3 cm with depth, that is, the ma radiation depth 
dose curve is relatively flat, and equal to the free air expoawe in roentgens, 2 s  as measured a 
thick walled imiution chamber. 

Which of these three measurement& air, skin or mld-line close, Is the most .ntidPctory? In 
allprobzblliiy, there is no single mevlurementwhich wll lbe  utbfactory in allcanes. For weak X-rays 
(below 50 KVP) certaialy the mid-line dose Is Imsatiafactory, while the 8Un dose or air dose may be 



misleading if it la not realized thpt this radiation is e s s e n W y  body surface or skin radiation. The 
measurement to be used depends upon the blological endpoint under consideration. The mid-line dose 
is to be used when total body irradlation, acute radiation illness, and lethalltg are under consideration 
since it affords the best correlation between dose and effect. Eowever, for consideration of the skin 
beta “burn” hlzpTd, It is necessary to know the doee to the skin. It is then apparent that a single 
meaaurement or  calculation is notsatisfactory for all cases. For mllitvy operational purposes, it has 
not been determined if it is necessary to know both the skin aud mld-line dose. 

Flcure 2. 
I 

eta-Gamma Ratio at 1 Meter Above Earth’s Surface. The line represents 
theoretical values; the points represent observed values. 

For the fallout field where there is a combination of bothbeta radiation X-rays, and gamma rays, 
the use of the phantom rmsonite man probably defines the problem moat satisfactorily since the resultn 
permit an evaluation of the (1) dose to sldn and (2) the whole body dose. Tbe reeulte may be expressed 
a8 a ratio, beta-gamma dose ratio. Experimentally this meaaurement haa been carried out in alimited 
number of conditions. Values of the beta-gamma dose ratio varying between 2.5 and 28 have been ob- 
served at field testa.2a, 2e Dale(cited by Kendall”) ha8 worked outon a theoretical baais the variation 
with time af thln ratio up to 400 days. Initially, the ratio surface dose/mld-line dose is high, approrl- 
mately 15 to 20, decreasing to a minimum (approxlmately 2) at 10 to 20 days. (see Fig. 2.2:5). 

2.3 CONCEPT OF RBE (RELATIVE BIOLOGICAL EFFECTIVENES@2Q~ 309 319 32 

with the availability of various types of ionieing radiatim, it early became apparent that pre- 
diction of the effecta ofa givenphysicaldose w a s  inaccurate when the biologicaleffects ofheavy ionizing 
particles were compued to those of X-rays. This wils particularly true for external neutron irradia- 
tion. Initially, neukon dosages were measured with a Victorem ionization chamber and in unite of n. 
one n is the neutron fllnto produce a reading equivalent to 1 r in a 100 cma Victoreen ionization cham- 
ber. Recently it hp. been confirmed that 1 n ; 2 rep.33 However, the biological effect of 1 rep of 
n e u t r m  is greater than would be anticlpated from 1 rep of gamma radiation. To rptimaliee thin bis- 
crepancy, the concept of relative biological effectiveness (RBE) waa introduced When compved 10 
X-rays, and for equivalent Mol@cal effect, the dose required of any ionizing radiaUon ts the produet 
of the RBE and the dome delivered in rep. It should not be inferred that RBE is used only in EOnneCtiOn 

a 
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with neutrons. The RBE has been determined for alpha particlea, protms, beta particles and wlthin 
the spectrum of X and gamma rays. RBE is not a simple concept, It depends upm: 

1. 

2. biologlcal endpoint measured, and 

3. dose and dose rate.32 

It la particularly when different b i ~ c a l  mdpotnis are cmsidered thpt a h g e  range of vplues 
for RBE are encountered. With the QvelqJmant of the concept of RBE, a new unit, the rem (roentgen 
equivalent mnmmal (man) 1, came into we. The rem is the product of the absorbed b e  (in rep)and 
the RBE for the pprticular type of ionizing rDdiation used and biological endpoint measured. 

An explanation forthefact thptfrom a glven physical dosethe magnitude ofthe btologlcalresults 
varies is probably related to differences in linear enerw transfer. Bpeically, it has been observed 
that, for the s tme physical dose, as the linear energy transfer (or the deui ty  of lonizptlon per mit 
path length) increases, the magnitude of the biologlcal effect goes through a rnaxtmurn. A rigorous 
discussion of the mechanisms involved is not attempted bere. Then, for the h e a v  charged partides 
(alpha particles and protons), the blolo@deffect willgenerally be greater thpnfor &amma rays. Slnce 
most of tbe energy transmitted to tlssner from neutrons is thrwgh the ionization produced by rewU 
protons, tt would be anticipated that for a even physical b e  (srg-gm-') neutrons would produce a 
greater biologicP1 effect than gamma rays. 

For milltory medical purposes, an important RBE, but not the oniy one desired, la the RBE 
forbomb neutrons for acute lethality, that is for the a. This RBE has not been determined dlrectly. 
An acute response which has been thoroughly studied is the spleen-thymus weight las. Meld tests 
indicate that this RBE is approximately 1.7 in mice.34 Wed on this value the spleen-thymua RBE for 
man has been estimated to be 1.3. Until more deflnltive data become avollnble, these values may 
be considered to apply for the LQ, RBE. 

For BO-in. cyclotron fast neukms with a dtfferent spectrum, the L& RBE in dogs is approxi- 
mately one. 38 lhis indicates that the esttmate of 1.3 may be high and that the RBE for acute lethality 
for man for bomb neutrons may be one or less. 

type and energy spectrum of ionizing radiaUon, 

- 

2.4 ACUTE RADIATION QCKNESS 

I 2.4.1 SYMPTOMATOLOGY 

For military medical purposes the acute radiation syndrome should be considered from the 

1. symptomatology and relationship of symptomatology to continued militpry effectiveness, 

2. incidence and duration of symptoms as a function of dose, and 

3. incidence of lethality am a ftmctim of dose. 

For man the most useful sources of information a re  (1) the evaluation by the ABCC of the 
Hiroshima and Nngnsaki experiences, (2) exprlence derived from clinical rpdlntion therapy, and 
(3) the evaluation of the Marshallese w e e d  in March 1054.* Unfortunately, all these sources of 
information contain basic uncertainties precluding p o d  quantitative cmcluaions. 

The Hiroshima and Nagasaki data are valuablefor adescription ofdisease, but cannot be closely 
correlated with dose becausethe dose la not known nor are estimates of the dose good. CIinical radia- 
tion therapyexperlence is complicated because most isparthIb3dyradiationlan, and In addition is compli- 
cated seriously by the underlying disease for which the patient is receiving therapy. Furthermore, 
many patients have imparted to them some degree of awareness of nausea and mmittng as possible 
complications of radiation therapy, amking this symptom difficult to evnluate. The knowledge gained 
from the study and treatment of the Marsballese is also complicated by uncertainty an to the dose re- 
ceived and the effect of a changing b e  rate. 

followiiig standpoints: 



Figure 2.4A Diagrammatic Representation ofthe Penetrating Radiatim Syndrome in Man 
Following Acute Exposure and the Stnges atwhich Death Commonly Occurs. 37 The height 
of the vertical lines representsthe severity,and the distance between thelines represents 
relative incidence of various conditions denoted at the bottom of the graph. 
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Figure 2 . 4 2  Magrammatic Reprenentatlon OiRadIation Syndrome. 38 Theline represent. 
the number of indivldulls dying per day. The degree of blackening represents the severity 
of the symptom. 
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The mituation is auch thpt for the acute rndintion syndrome, the 9mptoms encwntered un be 
described EvaluaUon in relation to b e ,  more imp0rh t ly  quantitative evaluation PB to incidence. 
particularly in the range from no symptom. to 60 to 60 percent individualn symptomau~ally a e c t e d  is 
not available. There is no InformaUm available for the cane of protracted radiaiion. 

erally occurring within 6 hours after a 
single acute holebody penetrating gamma r a y e I p - u r e ~ g ( s e e  mgs. 2.*1 and 2.,2). Bereafter in 
the discussion, It is implied that the air dose figure mentioned doas not include scattered soft gamma 
radiation. Tbe incidence of nausea and vomiting 98 a function of dose is not %ell knm.  probably 
below 50 to 100 r (air gamma e m s u r e )  there a re  no symptoms, and above 250 to 300 r there is a 100 
percent involvement, but between no involvement and 100 percent inmlvement, the data are  meager. 
n e  s i cheas  dose for 50 percent of the populntlon exposed is estimated as 150 r. 96 III a study of a 
small group (approximately 20 patients) treated with ZOO r ( a b  b e )  unilateral almost whole body 
rPdlatim exposure, nausea and vomiting was noted in approximately SO percent. 40 Of the Marshallese 
exposed to 175 r (air h e )  over a period of approxhnntely 46 hours, with 75 percent of the dose deliv- 
eredin 36 hours,nwsea waa noted intvo-thirds andvomiting and dhrrhea In one-tenth. At dosesbelov 
200 r there are no additional qmptoms. When both nausea and vomiting exist, it should be presumed 
that such indivlduals are not capable ofsatisfactorily performing a military task. There is np Informa- 
tion on the capability of man to perform Vozk following an exposure to radiation sufficiedt to induce 
these symptoms, nor is there adequate information as to the duration of these symptdm. Other 
clinical states involving nausea, vomiting and diarrhea are generally associated with malaise and 
lassitude sufficient to prevent the carrying out of useful physical work. In addition, the unevaluated 
and unknown degree to which individuals are motivated may play an Important role. For the present 
the vrsumption of inability to perform a task is probably the best that can be made. The time required 
for recovery from these symptoms to full working or even partial working capability is not known: 
possibly a few days a re  sufficient. 

At higher dose levels additlonal manifestations of radiation sickness appear, generally after a 
latent period of a few days. Because of the s<arcity of data, it is difficult to describe the precise time 
course of the onset and extent of involvement, although various tables have been prepared in general, 
having their origin in the Hiroshima and Naga8aki experiences. 

Following the initial nausea and vomiting, there is a latent period or asymptomatic period 
varying from approximately 1 to 3 weeks  at 200 r to perhaps of the order of 1 week in the mid-lethal 
range (400-500 r). Following the vrymptomaiic period, at 2 to 4 weeks after eaposure, malaise and 
loss of hair (epilation) occurs. Small hemorrhages (petechiae) in the skin and mouth appear. Ulcer- 
ations in the mouth with symptoms similar to that of a sore Uvoat plus bleeding from the gums occur. 
Similar ulcerations in the bowelresult i n  diarrhea. These complication8 are associated withalterations 
m the blood clotting mechanisms and a low white blood count. In the more heavily exposed (within the 
lethal range), anorexia, weight loss, and fever become the prominent symptoms. The red blood count 
decreases, and the symptoms become more pronounced, leading to death. Analysis of the Japanese 
experience indicatesthat percentagelethality can be correlated with lowest whlte blood count atpartic- 
ula? times(8ee Fig. 2. k3). 41 In the survivors there is a variable period during which recovery takes 
place. In the range of moderate to marked symptomatology, recovery to the point of being able to per- 
form usual tasks may be of the order of 3 to 6 months or even longer. 

At supralethal doses. 1500 r or greater, central nervous system alterations have been observed 
in monkeys. At very hlgh doses (10,000 r or greater) &livered.in less than an hour. death may super- 
vene during the irradiation or within a few hours. III motlkeys lethargy, convulsions, and other neuro- 
logical manifestations occur.42 NO data are available for man in this dose range. 

The earliest symptoms are m e a  and vomiting, 

I 

At present it is notpossible to predict for a given air dosefor either unilateral exposure or for 
infinite plane.8ource geometry the percentage lethality. It is recognlzed that for unprotected exposure 
in a fallout field there is received a combined beta and gamma radiation. Consideration of the biolog- 
ical effect of this type of mixed radiation is not possible a t  present. PmbabIy below 200 r air dose 
there wil l  be no lethality, or at most, a few percent, while above 700 r there wil l  be few SurvlvOrS. 
Where in this range the LQ, falls is open to question. BY convention tt has been set at 400 to 450 r 
(With an unspecified source and source geometry). but this is not fixed. Furthermore. the Shape Of the 
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mortality os dose curve i. not known for maa. Ia experimental M~IM~S, the &ape of the mortality vs 
dose curve has been determined in a large number of expertmenta. A convenient method of expressing 
the result in the Probit transformath,  Since this trMaformatIon resulin in a Straight line. 43 However, 
it must be pointed out that these sMlw in ~ i m a l s ,  except for a few such an those carried out in 
mongrel dog., have been conducted with pure bred laborabxy animala of the same age. To postulate 
simllar results from a problt trMafOrmatiotl in man is not reasonable. In addition, the effect of chang- 
ing the source geometry is not known for man, although it would be expected that a change from uni- 
lateral to bilateral exposure or to infinite plane source geometry would produce a significant decrease 
in air dose LQ, an it does in the pig. 44 The ortghal analyses of the Hiroshima and Nagasaki data and 
#peculation led to the a&Pttm of 450 r aa in q. The experience gained from the Mnrsballese sug- 
gests a lowering below 450 r. 
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Figure 2.4:3 Correhnon Between Human Mortality and White Blood Count. '* 

It should not bethoughtthat these indicate basic differences: the orlginal figures derived from 
the Japanese data are subject to considerable error with regard to dose and are for unilateral single 
short duration radiation, while the WrshaUese data result from a more protracted radiatlon, with an 
infinite plane source geomehy plus an unknown quantity andunknown effectof beta radtationtothe skin, 
and from the opinion that the dose received wan on the borderline of lethality ( 5 0  to 100 r more would 
produce some mortality). Recent review of the Japanese data in the light of newer WeaponP test data 
suggests an increase of the LQo to approxlmately 650 r (air dose). Weapon yield, height of burst, air 
density, and shielding uncertainties for the Hiroshima and Nagasaki bombs are such 88 to cause this 
estimate to be questioned seriously. In fact, the error assigned is approximately 2 200 r. 

2.4.2 CURRENT THERAPEUTIC CONCEPTS4' 

35 

AB a bash for dlscussion, it must be presumed that at present there is no specific curative 
treatment for the acute radiation syndrome in man. For the experimental animal, there are a number 
of modalities used either before or after lrradiation, leadingto reduction in acute mortality. These are  
( I )  radiation in the hy'poxlc atate, (2) transfusion of bone marrow or spleen or homogenates of bone 
marrow or spleen, (9) v u t w  chemicals, e. g., cysteln, (4) antibiotics, and (5) blood tranafusiorm. 
Only the last two are, a t  present, to be considered applicable to man. 

In clinical radiation therapy amelioration or reduction in the incidence d w e a  and vomiting 
has  been claimed for a number of diverre agents, e. g., (1) adrenal cortical hormones. (2) adreno- 
corticotrophic hormone, (3) varlous vitamin preparrtlons, and (4) beta-mercaptoethylamme. All of 
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these are  of somewhat dubioun value. Lpcldng a specttlc therapeutic agent or regime, treatment hps 
been symptomatic and supportive. Bed rest, fluids, mtibiotics and trnnsiusions have k e n  used as 
indicated. 

2.4.3 PROBLEM OF PARTIAL BODY =ELDING 

Clinicalradiation therapy experience and extensive experimental animal research indicate that 
shielding part of the body is effective in reducing the magnitude of the a c h e  rPdiation injury and is 
associated with an accelerated recovery, particularly of the bone marrow. It is probably this lottcr 
fact that accounts for the reduction in mortality. The value of such shielding in mtlltaxy situations is 
difficult to estlmate. The degree to which this permit. an individual to raise hend and shoulders above 
ground level while in a foxhole or be exposed through an aperture in some other shielding and avoid the 
consequences of radiation injury is not known. An additional problem in shielding consideraUms isthe 
fact that the more deslrable types of shieldingfor neutrons are  not the BPme asfor gamma rays. It has 
been found that for shelters with about 3-1/2 ft or more overlay of earth, gamma radiation is the most 
important factor even when the g s i d e  neutron flux, as measured with a sulfur threshold detector, waa 
2.4 x ldineutrons-cm-zorless ,a flux which is approxlmatelyfour ttmesthe Lq( (see W e  2.21). 

L 
2.4.4 DESCRIPTION OF BETA “BURN” 

For localized beb radiation the best clinical description available is that of the result. in the 
Maruhallese. In these individualsthe minimum timefor development of &in lesions vu 12 to 15 days. 
The first indication of the development of a akin lesion was an increase in skin pigment in localbed 
areas. This was followed by scaly desquamation in the central portion of the lesim, lea- an area of 
pink depigmented skin. Gradually the pink area spreads out into the darker-pigmentedarea, wtth 
eventual complete healing. In other areas, pr_eaumpbly where the dose to the skin waa greater, blisters 
developed which opened, leaving a raw, weeping area. This is comparable to a second degree thermal 
burn. New skin covered these areas in 7 to 10 days, and w a s  followed by pigmentation. Unfortunately 
the dose to the skin could not be measured and cannot be calculated or estimated. Presumably lesions 
which developed blisters resulted from a dose to the skin, which, if the total body sldn were involved, 
would be lethal. However, if lethality is comparable to that observed in thermal burns, involvement of 
less than 100 percent of the skin would result in lethality. For example, an untreated S3 percent body 
curface area second degree thermal burn is in the lethal range. Probably similar results acdd be 
ODtained with beta radiation. Table 2.4:l shows the surface b e  required to produce recognizable 
epidermal injury for plgs, sheep, rabbits, rats, and mice for several different isotopes. Except for 
Sn this dose is from 1500-5000 rep. For s3“ it is 20,000-30,000 rep. Higher doses are needed wben 
s“ is used, since only a small fraction of the beta particles will  penetrate to the sensitive layer of the 
skin. For other weak beta emitters similar COnsiderationS w i l l  apply. Calculation of the dose at the 
sensitive layer of the skin under these conditions is difficuIt and not reliable. 

e 

2 . 5  LONG TERM (LATE) EFFECTS 

2 . 5 . 1  SHORTENING OF LIFE SPAN 

The long term effects of irradiation can best be considered from the standpoint of reduction in 
life span.47 Animal experimental data clearly indicate that one of the consequences of total body 
X-radiation is shortening of life span. This reduction in life span is conspicuous in the w e  of those 
who develop leukemia, but other tumors may have their origin in radiation. However, in many in- 
stances, there is no apeciflc patholo@cal change attributable to X-radiation but a general pattern of 
premature aging. For this reason, shortening of life span,which represents the end result of all the 
injury produced,is probably the most sensitive and 8atisfactory criterionfor determtnatim of the lmg- 
term hazard. 

There are several M e r e n t  mathematical approaches to the study of this problem. Thew are 
the adaptation of the GomperLE formulation to radiation, the Sacher, and the Blair theorlea. 

I 
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From the available aninul data, the llfe span shortening for a single acutn dose is ca the 
average 3 percent per 100 r. m e  relationshlp between reduction in remaining life spat and doae is 
linear. For older antmala, theory predict9 Uut the percentage reduetion oflUe span increases -rod- 
mately threefold. Fig. 2.5:l shows the predicted resulta for chronic radiation. 

What can be said about man? At present, there is only one good p2tentlal opportunity for ob- 
servation and that is the experience at Hiroshima and NPgnsPLi. It is hoped that in the oear future the 
ABCC w i l l  publish thelr findings in this field. It is posslblC, but not probable, that some data regarding 
shortening of life span from a sublethal dose of radiation may become available from the continuing 
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study of the K f r s U e s e .  However, it hm recently been reported thatradtologirb have an average life 
48 span of 5.2  years (approximately 12 percent) less than other physicians not exposed to radiation. 

This reduction is compatible with the extrapolation of the animal resulb to man and estimates of the 
exposure of radiologists to radiation. Brues and Sacher have developed two postulates for the extra- 
polation from epeciee to species. These are: 

1. 

2. 

For the single acute dose - the percentage reduction in llfe span is the same. 

For chronic irradiation - to produce the same percentage reduction remaining inlife span, 
the dose rate to an indlvidual of speciee 2 should be 

5,- l$n (2.5:l) 

life span 'species 1 
life span species 2 

where 
n =  
4 = chronic dose rate to species 1 

bz = chronic &ne rate to species P 

Thus, for man, the dose rate to produce the same percentage decrease in life span should be approxi- 
mately 1/18 that observed in the rodeot. 
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There aretwofeatures of Blair's theory and method ofanalyststhat requlrefurther explanation. 
The BLW theory predicts tbpt the acute dose L4, &cremes with age and that this decreme Is h e a r .  
Thls h a  been tested in m l y  a very llmlted way, and indeed the acute LI), &ne dDes decrease with age 
in rats, but the data are  not sufficient to determine the rate of decrease of L4, wlth age. Becnue of 
e e r b  pulmonary complicptlau observed in older rats, exhsion of this observation to other species 
may not be warranted. I b e  Oompertz. function type of d y s b  alno predicts that the L4( should de- 
creme vlth age. fmce aging and irradiation injury are  additive, older animala w i l l  require less 
additional Injury, whatever the Bource, to produce death if the infury produced is comparable to normal 
aging. For man, there in no lniormDtiar available 0 thin aapect. 

a 

Figure 2.5:l Predlcted Shortening of Life man from Chronic Radtation 96 a Function of 
Dose Rate for Rodents, with Extrapolatlon to Man. Extrapolated results for man are  
given based on the Blair Theory, the Gompertz. Function, and the Sacher and Brues Pos- 
tulate. The results of the Sacher and Brues Postulate are  almoat identical to thcse ob- 
tained and plotted from the Gomperte Function. 

2 .5 .2  CATARACTS4' 

Cataracts are  changes in the lens of the eye whlch can Impair vfslon. The b e  to produce 
cataracts in man is not known with any degree of certainly. It Is probably relatively low for X-rays, 
in the range of the LDm, and considerably lower (estimated at 50 n or approximately 100 rep) for 
neutrons. Cataracts are a particularly serious potential complicatlon of neutron radiation. The RBE 
for cataract formation from neutrons in npproxlmately 10 to 20. 

2 .5 .3  FERTILITY'* 
Fertility is dtfficult to evaluate quantitatively. Depending upon the dose, there can be anything 

from a mlld depression of sperm formation up to permanwt sterllkation. The dose for permanent 
sterilization is inthe range of sllghtlylarger than the lethal dose. In males a single sublethal b e  re- 
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sulk in a decrease in spetm count that cau be Wwidered p. relative sterilitp. Recovery is a alow 
process, taking up to one For the female, doses of 125-150 r produce amenorrhea, and 170 r 
produces sterility of 12 to 36 months duration. Parenthetically, it in of interest to note that survivors 
of seriovs radiation accidents have produced children. 

2.6 GENETIC EFFECTS@ 

That radiation results in genettc Changes is unquestioned. While much work has  been done on 
the genetic changes induced in lower organisms, particularly the fruit Uy, there is little mammalian 
experimentaldata and thatalmost enttrely in the mowe. The great uncertainty for man is the relation- 
ship between dose and number of mutations produced and their manner of expression. In general, it is 
assumed that radiation-induced m u U m  are deleterious. Ganetic changes are a problem for the 
survival of mankind when the whole population or a large fraction of the population is heavily exposed; 
radiation of small groups is more a problem in the ccmcern of the individual for the welfare of his 
progeny than for the aurvival of mankind but cpnnot be neglected With the increasing development 
and use of various radioactive isotopesfor nonmedical purposes and the use of reactors for propulsion 
and power systems, large numbers of people may be eqosed to radiation. Thus, the small groups may 
become considerably larger in the near future. 

There are several observations regucting the pnetic changes induced by radiation which may 
be summarized as follows: 

1. 

2. 

3. 

Radiation induced mutations are deleterious--if not all, most are. 
There is no recovery from radiation-induced injury aa i t  concerns genetic changes. 

The amount of injury produced is directly proportional to the total dose. 

From experimental observations in fruit flies and mice, i t  is suggested that a dose of 30-80 r 
to the entire population wil l  double the mutation rate. The &sequences of this are difficult to estimate. 
Particularly so since the manner of expression of many of these genetic changes is not completely 
understood; in fact, is but little understood. These changes could find expression in terms of various 
constitutional deficiencies, varying from those which result in a shortening of life span to those in- 
volvlng the capacity to perform mental taslul. It is entirely possible that doubling the mutation rate 
could be a serious burden, economically and medically.3e It has been recommended that the average 
dose for the reproductlve period be kept below 10 r above background. For some individuals, this may 
be exceeded but should be limited to a ktal dose of 100 r, of which no more %an 5Q r should be ac- 
cumulated before age 30. 48 
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2.7  EFFECT OF PROTRACTION AND FRACTIONATION47 

Both animal experimental evidence and clinical radiation therapy experience clearly indicate 
that protraction of the delivery of the dose for days, weeks or months, or fractionation of the dose over 
similar periods of time results in  a smaller biological effect, generally a lower incidence of lethality 
that does a single dose of the same magnitude delivered over a period of minutes. This &ea not In- 
clude genetic effects. 

This implies recovery from the injury produced by radiation. The rate of recovery may be 
measured by administering a sublethal dose, generally 1/2 L h ,  and then at various later time in- 
tervals determining the additional dose required to produce 50 percent lethality. Such experiments 
show that lhe amount of the second dose to produce 50 percent lethality increaaes with time. If the 
logarithm of lhe difference between the aingle dose & and the second dose to produce 50 percent 
lethality is plotted a8 a function of time, a straight line Is obtained for  short times, implying that re- 
covery is a first order process. (& - Second Dose) = (First Dose) e-et. Boaever, experimental 
studies show that recovery is not complete; the irreparable component amounts to about 10 to 20 per- 
cent of the injury produced. 

in  the dog about 4 to 5 percent-day-', and in the monkey 14 percent-day-l. The recovery rate for man 

. 

~n the mousethe recovery rate IS from 10 to 20 percent-day-', in the rat 7 to IO percent-day-', e 
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is not known. Studies of the recovery rate for erythemn (rfddening of the akin) & man indicate mu& 
larger recovery rates; however, this is not the recovery raLe desired for military medical purposes. 
Actually, the recovery measured in I e W t y  experiments is not a single physlologlcal process; it re- 
presents the net recovery of a l l  the physiological processes necessary for the maintenance of life, and 
with each weighted according to its significance la the maintenance of life. 

The effective dose is defined in terms of the results of a single acute dose, and is best illusbated 
by an example. If the acute dose to produce 50 percent lethality within 30 d w s  is 400 r, then the 
effective dose of any Bystem of f r ac t i cmUon  or proepCUm that prcUuces 50 percent mortality in 30 
day is 400 r, although the physical Qoe may be much greater than 400 r. 

From the Blair theory, for the particular case that the animals are young, that each dose is 
administered atthin a short period of time, and that death occurs & a few weeks 

where 

f = fraction of injury, irreparable 

D = single dose 

n - humber of single dose6 D - 
8 = rate of recovery, day-' 

At  = interval between single doses, days. 

- 

( 2 . W  

For man it is recommended that 8 = 0.05 day-' be used rather than the more commonly quoted 
e = 0.29 day-', which is based on animal data and a limited interpretation of animal data. It 16 re- 
commended that a value oi f between 0.10 and 0.29 be used, although there is no evidence to s u p ~ r t  
this recommendation. Other relationships propoaed for calculation of the effective dose are those of 
Loutft, that in the French EAW, and that of Hoffman and Reinhard. I 

Loutit proposes that 

Deff = tkz D(0) 

where 

D(o) = constant dose rate, r-day-' 

k2 = constant = 0.84 

t = tlme of irradiation, days. 

The French EAW proposed that 

Deff - - &! [ 1 -(l-k,)'] 
kt 

(2 .72)  

(2.79) 

where k3 = constant = 0.36. 



Hoffman and Reinhard pmpome that 

a 
where k, = constant = 0.86. 

These latter three equations are concerned with one parameter, that relating to recovery, and make no 
provislon for the accumulation of an trreversible injury. Fig. 1. ?:1 shows that there in considerable 
disagreement between the results predicted by these quaUOn13. In the absence of data, no one UD be 
selected as being applicable to man. 
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Figure 2.7:l Comparlson of the Various &patiat8 Purporting to Calculate the Effective 
Dose for Chronic Radiation at 5 r per Day. 

In terms of the Blair theory, I t  m a y  be shown that for a fallout fIeld the effectlve dose rate is 
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where 
o ( E + l ) =  d o a e r a t e a t E + l  hr 

= time af entry Into fallout field (units of time after detonation). 

= t h e  of exit from fallout field (units of t h e  after detonatlm). 
ten 

tex 

I 

t h e  in i l d d ,  hr 

Flgure 2.1:2 The Fatio of the Physical Dose and the Effective Dose to H + 1  Hour Dose 
Rate for a Fallout Field Using the Blair Equation# 95 Modifled for a Changing Dose Rate. 
Time of entry into fallout field is H + 1 2  hr. Curve I shows the predicted effective dose 
for the condition that f = 0.2 and e = 0.04 day-'. Curve U shows the predicted effective 
dose for the eondltions that L 6 0.2 and B = 0.24 day-I. 

Fig. 2. ?:a shows examples of the calculations that may be carried out. Particularly of interest is the 
effect of variation of 0. 

2 . 8  INTERNAL CONTAMINATlON 

2.8.1 SOURCE 

The radioactive lsotopes produced in the process of flssiontng of uranium and plutonium in an 
atomic explosion are widely distributed over the entire world by the win&. There is a dow settling of 
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these particlen from the atmosphere, the rate of descent being BoVernfd by particle size and sbnps, and 
thelocatiw of thefallout being dependent upon the rate of descent and wind patterns. There are a n u -  
ber of variables involved, none of which ia completely understood. 50 The quantity of material in the 
stratosphere and the rate of movement from the stratosphere to the troposphere have been estimated, 
the latter having a half-time of approximately 10 years and the former has been estimated as nrytng 
upwards from a few percent to over 50 percent for a land burrt. 

2.8.2 ROUTE OF ENTRY INTO MAN 

There are three route8 of entry: inbalation, ingestim, and open wounds. 

1. Inhalation 

During the period when radioactive particles are falling out, inhalation is a route of entry into 
the body. After settling on the ground, these particles can become alrborne again and thus available for 
inhalation. The distribution within the respiratory passage of radioactive particles Inhaled is strongly 
dependent upon particle size. 51 In general, 

Particles less than 0.1 micron are inhaled and then exhaled. 

Particles 0.1 to 3.0 microns reach the lungs and are deposited in the alveoli. 

From 9.0 to 10 microns particles reach and deposit themselves upon the wal l s  of the 
trachea, bronchi, and bronchioles, and are worked up tothe larynx andultimately swallowed. 

Above 10 microns particles are filtered out in the nose. Rainfall occurring at  the time of 
passage of the atomic cloud has been shown to result in an increase in the urinary Sr" and 
I"' content of man, strongly implicating inhalation as a significant route of entry. 52 

a. 
b. 

c. 

d. 

- a. ~ngestion .- 

Radioactive materials settling upon the ground may be incorporated into or coat the surface of 
plants whkh are subsquently eaten by man or by livestock which later are eaten by man. Evaluation 
of the importance of this route of entry and the hazard involved is complex Movement of fission 
products through the soil, uptake by plants, we of plants for animnl fodder, and subsequent ingestion 
by man dl are important and not well documented factors. The presence and amount of Sr" in dairy 
products is well documented, although the details, particularly quantitative, of the movement of this 
Sr'O through the biosphere are lacking. 53 

The relative significance of these two routes of entry is still to be determined. 

Water does not appear to be a significant route of entry of fission products into man.53 How- 
ever, this may not be applicable for local fallout. 

3. Open wounds 

Open wounds do not appear to be a sipificant route of entry into man except In unusual cir- 
cumstances. 

2 .8 .3  METABOLIC FATE 

The metabolic' fite of the fission products is dependent upon a number of factors. For each 
elementit is different, andfor each elementand chemicalspecies of? given element i t  may be different. 
For example, particle. inhaled and reaching the alveoli, i f  they are soluble in body fluids, are ab- 
sorbed, reaching the blood stream, and are rubsequently distributed throughout the body in accordance 
with the manner in which the body treats that particular compound, while if insoluble, the particles may 
be concentrated In the lymphatic system of the lung and remain within the lungs and lymph nodes 
draining the lung8 for that individud's lifetime, constituting local arean of intense radlation. The con- 
siderations of particle size and chemistry must be applied to all of the fission products. 
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Within the gastro-intestioal tract, mimilar cuuideratitma apply. For materiPls that are ab- 
sorbed, the distribution in the body varies. For example, iodine, a6 iodide, is taken up by the thyroid 
gland and subsequently released to the blood stream an organically bound t e e .  

Probably mostimportant is thefact thatmany of thefission productathat reachthe blood stream 
are  taken up and retained for long periods of time by h e .  Animal experlmentption and the history of 
the radium dial workers indicate that this is a serious problem leading to serious complications, such 
as malignant bone tumors, although other less serious pathology eon m d  doe6 occur. Io fact, in 
animal experiments lt can be shown that sucb h e  d5yit ion eon lead to shortemlng of life span in the 
absence of specific pathologlcal changes in the bone. 

2.8.4 BIOLOGICAL EFFECTS 

The quantities of most materials Ulnt C a n  gain entry Into the body are such that if they are not 
normalmetabolites, the quantity presentis notsufficient tobe toxlc merelyby virtue oftheir chemistry; 
the injury produced is that of irradiation of the ttasues. Depending upon the tissue involved, tlme 
factors, and the dose and dose rate, a wide range of palhologlcal chnnges may occur. These will vary 
from no discernible anatomical change, but with subtle physiological chnnges for low doses, to the 
production of malignant tumors at higher doses. The latent perlod for these cbanges may, as in Ule 
case of radium dial workers, be up to 10 to 20 years or more. 

a. a. 5 THERAPEUTIC ASPECTS 

The therapeutic problem is largely concerned with a particular class of Isotopes, namely, those 
associated with deposition in the bone and commonly cnlled "bone seekers. '* Unfortunately, therapeutic 
measures now under investigation, principally r e m o d  by chemical agents, are not particularly 
promising. 55-Therapy of the radiation injury fioduced by internally deposited radioactive Isotopes is 
as unsatisfactory as for external radiation; there Is no good mema of treatment. 

Analysis of the biological properties of the fission products haa indicated that the long-lived 
isotope of strontium, Sr", is  the greatest hazard, although it is not the only long-Hved isotope that may 
be hazardous. Project Sunshine has  reviewed the blological properties of strontium, the worldwide 
distribution, in particular in food and water, and the present levels of body burden of Sr'D.53 The fact 
is that Srso is  now present in human bone a d  is thought to be derived from food, principally dairy 
products. At present the quantity of Sr" present in  man is low compared to the estimated toxic levels. 
However, the change in bone S r ' O  content with time is not known; a good evaluation of the tolerance 
level islacking and recentwork implicates an inhalation route ofentry as at least partially responsible 
for the present body burden. While considerable attention has  been directed towards Sr", other fission 
products can and do gain entrance to the b o d ~ . ~ 2 >  56 It is the bone deposition of Sr" that @ves rise to 
concern; the majority of the other fission products are either produced in small quantities compared 
to strontium, are relatively rapidly excreted or have short physical half-lives. In the latter class fall 
the iodine isotopes. Nevertheless, they willcontribute to the injury produced and should not be tpored. 

I 
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2 . 9  COMBINED INJURIES5" - 58v 59 

Experiments in swine, dogs, and in rats indicate that the lethality of combined nuclear radiation 
damage and thermal injury is greater than would be expected. These studies have been carried out by 
determining the lethality produced by thermal injury alone, by radiation injury alone, and by combined 
injuries. For example, thermal burns and radiatlon exposures that, by themselves, would result in no 
mortality give rise to significant mortality when combined. Also thermal burns or radiation injury at 
levels that result in low mortallty when combined lead to considerably greater lethality than expected. 
Quantitative translation of this data to man is not possible a t  this time. Nevertheless, it should be 
anticipated that in man the 6ame findings wtl l  occur; namely, that these effects are notstmply additive. 

It is also probable that similar results wil l  be obtained when radiation ie combined with other 
forms of traumatic injury. A calculatlon of the magnitude of this effect is not posslble. The variety of 
types of traumatic injury is such that any calculation would be of little value. 
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1.10 MAXIMUM PERMISSIBLE LEVELS OF RADIATION 

As a fundamental premise it must be considered that all rablation is deleterious. However, 
radiation and certain radioisotopes have come to play important roles. For example, great strides 
have been made in medicine since the introduction of X-rays for diagnostic purposes; radioactive 
isotopes have proven to be a potent tool in medical research, and to have therapeutic value in certain 
diseases; the industrial uses of X-rays and radioactive isotopes are increasing rapidly; and finally. 
reactors are betng vsed for the production of power. With all these beneficial usem, there comes the 
hazard involved. 

e 

2.10.1 EXTERNAL RADIATION 

Since the introduction of X-rays, as moredata onthelate effects ofirradiationbecame available, 
there has been a progresslve reduction in what has been considered to be a “safe” maximum level of 
exposure. 

Handbook No. 59 (National Bureau of Standards) revlews the present “tolerance” levels. In 
general, it is recommended that for contlnuous total body X or gamma radiation, the maxlmum permis- 

and that probably some reduction wil l  be made. 

2.10.2 INTERNAL RADIATION 

sible exposure be 0. 3r-week-‘. However, i t  d be mentioned that this number is being reviewed, 

The maximum allowable concentration of radioactive isotopes in the body is largely based upon 
the assumption that the dose rate to the critical organ be no greater than 0. Sr-week-’. Because of 
varying biological properties, the critical organs vary with different isotopes. In general, bone and 
bone marrow ave the crltical organs, although not for a l l  Isotopes. Handbook No. 52 (National Bureau 
of Standards) lists values of the maximum permissible agount for a number of isotopes. Calculation 
of these quantities is cbmplex, and depends upon the distflbution withinthe body, the radiations emltted, 
the biological turnover time, and for alpha emitters an estimate of RBE or comparison with radium. 
There are many uncertainties involved, and like the limits set for external radiation, they are being 
reviewed. 
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3.1 INTRODUCTION 

Initial gamma radiation ln bere taken to be the gamma radiation emitted during the fmt BO 
second6 after the detonatim d a nuclear weapon. The Initial gammas are accompanied by neutron 
embsion(see Chupter 4) but in m a t  o p e r a t i d  sihutim (except for sbort distances from the point 
d burst, for thin casing weapon8 and/or high'altltude, low atmospheric d e ~ l t g b u r s t s )  the initial 
gommr contribution to  the total dme' (for ltnrbielded receivers) is much greater than tbat from neu- 
tmns. About 6 percent d the fiulon energy appears in the form d gamma radiation (both initial and 
residual). Thin figure does not include gammas produced na a result d neutron capture. 

The gpmmn radiatima can stem fro4 neverP1 processes but mly two proce-es account for 
essentlally dl d the initkl gammn dose. The first of these is the gamma radiation produced aa a 
rerult of capture d bomb neutrmn in atmoqheric nitrogen. About 11 MeV d -ma energy are 
releasedper neutron capture in nitrogen ard the garamus pmduced a re  primarily in the ellelgg range 
d 4 . 5  to 11 MeV. The secmd mmrce in the gammas emitted by decaying fiasim prcducts and a total, 
Over all time, aI about 5 Mev of gamma energy in produced per finslon. The energy d these finsion 
product gammas in much lower than tbat ol the nitrogen capture gammas, their avemge energy being 
about 1 MeV. This chapter deds alt!~ the doses resulting from these two sources. (A third and rel- 
atively unimportant gamma ~(I I~CCC, whlch we do not cmider, is the gammas which are emitted dur- 
ing the flssim process rather than from f b D h  products. Moat ol the prompt finsim &ommp. are 
thought to be absorbed in the weapon componenta.) 

It is convenient for our present purpmen to classify weapons in terms of low, intermediate, 
and high yield. Low yield weapona w i l l  be defined an thwe below 10 KT, intermediate yleld wapons 
those from 10 to 100 KT, and high yleld weapon6 those above 100 KT. These divisions are appro- 
priate for the phenomenology t n d v e d  pnd facilitate the presentation of reeults. 

In addition, the gamma radtnttan from all fission and boosted fisaion weapons, independent of 
yield, will  betaken aa renultlng entirely frme the fission reaction. (The rmaU contrlbution aI gamma 
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1. the chracterirt ics d the source, 1. e., its strength and distribution in space and energy, 
and 

2. the chDracterlsticr of the medium between source and receiver, 1. e., the distance and 
materials traversed by the garrmP6. 

The gamma source strength .md dlntrihtim are determined by the bomb yield and design. 



For a given design the source strength alvnya varies linearly with the yield. me yield affects the 
gamma dose at the receiver in a second important manner, however. As the bomb yield increases 
above about 10 KT, the shock effect8 become increasingly important. The shock wave tends to re- 
duce seriously the attenuating properties of the atmosphere around the burnt point and therefore to 
increase the amount of mdiation arriving at the receiver. The design d the bomb aftects both the 
source strength and its distrihtion in space and in energy. Tbat portion of the gamma dose arising 
from the (n,y) reaction in N" will obvlously be affected by the spatial distribution of cmtures in 

Thedistance between source d receiver reduceathe dose, due to apurely geometrical factor. 
For a point source which, in most cases, fairly wellapproximates the initial gamma radiation source, 
the decrease of dose with distance follows the inverse square law. 

The media betweenthe sourceand the receiver attenuate the gamma radiation by the processes 
of absorption and scattering. Absorption completely eliminates the gamma ray  while scattering re- 
duces its energy and changes its direction. The gammas that arrive at any given receiver may do so 
with or  without havLng experienced scattering during their flight from the source. The fraction that 
arrives directly from the source without scattering may be represented by an elrponential function 
whose argument depends upon distance, upon the physicsd properties of the medium, and upon the 
energy of radiation. Determination of the scattered fraction is much more complex. For relatively 
simble geometries, scattering can be treated accurately through the use of a function known aa the 
buildup factor. Calculations ofthe buildup factor have been made for only certain of the situations 
of interest. For more complicated and realistic gecmetries, determination of the scattered radiation 
is quite difficult and up to the present such calculations have not been done. Thus, should the straight 
linepath between source and receiver lie in one medium whose density varies sharply along the path, 
or in two different media, or should the path lie close-to the boundary between two media, it is not 
possible at present to rely upon previously calculated results to compute theoretically the scattered 
dose. 

The medium usually traversed by the gamma rays is air, although other materials in the vl- 
cicity of the burst point or  receiver may also be of importance. The presence of water in the air, as 
vaporor liquid, does notappreciably alter ita propertiesfor thepurposes of gamma ray transmisston. 
On the other hand, changes ofair densityresulting from changes in tenperamre or pressure do affect 
gamma ray transmission characteristics in air. In particular, as noted previously, changes in air 
density due to the shoek effect cd intermediate and higb yield weapons, haw a very marked influence 
on the attenuation provided by the atmosphere and therefore on the gamma dose at the receiver. 

There a re  a number of uncertainties in our knowledge cd the source and attenuating media 
characteristics described above. Among the most of these are: 
Uncertainties in source characteristics 

1. Only limited lnformation is  amilable on the spectrum of fission product gammar. 

2. The importance of gamma r a p  produced a8 a result of neutrons interacting with weapon 
materials is not well known. Not 211 of these neutron reactions are understood andthe 
number d neutrons interacting w i l l  vary depending upon the bomb design. (It i s  thought, 
however, that inmost cases thisgamma sourceis probably small compared to the nitrogen 
capture and fission product gammas.) 

3. The spatial distribution d fbsion products, bomb and blaat debris within the fireball and 
the rise of the fireball with time during the initial gamma period are not well known. This 
ha8 led to considerable uncertainty In the dose at small distances. 

uncertainties in attenuatlng media characteristics 

1. The tnfluence of the blast on the medium is difficult to calculate accurately. e 
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2. Computations of buildup factors for scattered radiation in the atmosphere (which h s  con- 
stant composition M a  density whichvaries exponentiallyaith elevation) are not available. 
Theme of buildup factors based on averagequiescent air demltybehveen the point of burst 
and the receiver, as described in Chapter 1, may not be an entirely adequate treatment. 

3. The effects ofthe two-mediumgeometry andof thecomplicationsintrcduced inthescattered 
dose by the air-earth boundary have not been adequately evaluated. 

4. The extension of the fireball into the two media, PB sometimes occurs, requires a more 
elaborate treatment of both direct and scattered doses. 

~n spite of the above uncertainites it 1s possible to get usable results for a number of a i b t i o n s  
of interest. These results are p r h a r i l y  Wed on experimental data d simple theoretical models. 
In some cases, for example surfacebursts for low and intermedhte yield weapons. the data are plen- 
tiful; in others very few or no adequate measurements have been made. Tramformations of results 
from one situation to another have been made when possible and appropriate. 

Thefollowing sections of thischaptertreat in turnthedose-distance relationsfor surface bursts 
(Section 3.21, air bursts (Section 3.3) and undergrwnd bursts (Section 3.4).  In each of these sections 
the discussion is presented on the basis of bomb yield, the dose results being strongly dependent on 
this parameter. Section 3.5 presents a summary of M o m t i o n  currently available on the delivery 
rate of the initial gamma dose and Section 3.6 discusses the distribution in energy of these gammas, 
both at the source point and at varying distances from the source. Finally, Section 3. '7 treats the 
problem of military shielding against initial gamma radiation. 

3.2 DOSE-DISTANCE RELATIONS FOR SURFACE BURSTS 

A surface burst is one which occurs on the earth's surface. A near-surface burst is one which 
occurs above the earth's surface but sufficienffy close so that some portion cd the fireball intersects 
the earth (either at  the time of burst or within a few seconds thereafter). While some variation in 
dose-distance relations is to be expected with variation in burst altitude, surface and near-surface 
bursts will not be distinguished in this treatment but will be lumped under the single classification. 
Any error  so introduced will be quite negligible compared to other errors  which must be accepted. 

3 . 2 . 1  THEORETICAL CONSIDERATIONS 

I The results presentedfor surface bursts are based on curves fitted to experimental data. These 
data are examked and correlated empirically with theoretical considerations which are developed in 
the following paragraphs. 

The model upon which the theoretical formulations are based is that of a point source of radi- 
ation in a single, infinite, and homogeneous medium and separated from P given receiver point by a 
fixed distance. The physical situation is, of course, considerably more complicated. 

First, the total gamma source, and particularly that portion cd the scurce due to nitrogen 
capture, is actually distributed within some wlume rather than being concentrated at  a point. The 
boundaries of the volume source cd fission product gammas are rather well defiried by the bormdarfes 
of the fireball, while the volume smrce d nitrogen capture gammas extends beyond the fireball and 
is wlthout sharp definition.2 The total initial gamma smrce is sufficiently well localized, howevez, 
sothat at reasomable distances at sea level (say 1000 yd or more) it can be regarded to a good approx- 
imation as a point source.5* 6, ' 9  ' 9  '7 lo The validity nf this approximation at medium and large dis- 
tances has been established in every test where dose-distance measurements have been made. At 
distances less than 1000 yd, the point source approximation grows progressively worse. 

Second, the initial gamma radiation leavingthe source sees at least tam different media, earth 
(or water) and air, neither of which is necessarily homogeneous. The non-homogeneity of the atmo- 
sphere is of primary importance while non-homogeneity of the second medium, earth or water, is 
only of mmor interest. Non-homogeneity d the atmosphere is the result of two separate U U B e B ,  the 
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shock wave effect aud the normal varlptlons in atmospheric temperature and presmrs. At lepst par- 
tial correction for each of thsse effecte is pmsihls. Thus, the affect d the bomb shcck wave m the 
air density between source and receiver is treated through the u e  d the hydrodynamic scaling factor. 
The effect of variations inthe quiescent air demity due to normal fluctuotiolu in ambient temperature 
and pressure is hpndled through the use d the average quiescent air demity (see Chapter 1). At the 
present time we are unnble, however, to treat properly the presence d two attenuating media. Thi. 
problem is additionally complicated by the fact that the position d the m r c e  volume changes with 
respect to the two medla during the 8O-sec initial gamma period. f i r in# the first few rrecondn after 
the burst, part d the s w c e  volume may be within each d the two media. A6 tbe fireball rises, the 
eource region emerges completely into the air 110 that the unscattered dme becomes Mependent d 
the effect d the eprth. The effect M the scattered rndtption decreases with tlme until at some height 
the effect d the eartb on the scattered dose becomes unimportpnt. 

Third, the distance between the source and the receiver is not constant withtime since the center 
d thefireball risesfrom 10,OOO to 40,OOO ft in the fint  minute afterthe hI%, depending m the bomb 
yield. A correction for cloud rise is not made in the present treatment. 

e 

Derlmtion d Dose Equation 

Withln the inherent limitations d the model established, the equation for the initial gamma 
dose may be derived. 

For a point source d gamma rap in a Single Lnlinite homogene- medium whosa energy spec- 
trum is continuous over an energy range from Emin to E,, the dose at a point (integrated over al l  
time) is given by 

where 
D = dose measured at the receiver 

C(E) = conversion factor which determines the dose units 

%(E) = gamma source strength per unit energy intermil and integmted over all time 

pt(E) = total linear attenuation coefficient for gamma rays d energy E 
qpt(E)R] = dose buildup factor applying to gamma rays d initlal energy E which have penetrated 

,ut(E)R mean free path. 

R = source-receiver distance 

A useful approximation to Eq. 3 . 2 1  for the dose from a slngle sarrce  ha^ been found to hold 
in most experimental n ihu t im.  Thus 

-gR C Sr e 
D =  

4aR' 

where 
c = conversion factor averaged over e n e w  

ti, = tda l  gamma source ntrengtb Integrated over all time and energy 

= apparent bear  attenuation coefficient. 

(3.22) 



Both tbebuildupfactor andthe Integmtimover onereyare norincluded In tbe apparent 1-r attenua- 
tlcacodficient characterintic d the ac tua lenem mectrum. "him lumpine a l f a c t m  into f l d e c r e ~ e s  
the accuracy of the remlting expressim M it remninm wdul for aplly circumstpnces. 

It is cuotomargto chPracbrisepPrtlcukr bomb bulrts by the yield W. 8lnce fora  given reapm 
deslgn the Source strength is alwap directly prcpostimd to tbe yield, W will be Imb.Ututed for 
S, in all further equations. Tbe required p m p o r t l d i t p  cmrtpnt between B,, and w is now ~nduded 
in C, the averaged c m w r s l m  factor. It &odd be carefully noted, however, that &auger In rrnpm 
dealgn (rhlch u.mmUy Dcc~mpnn~ k r g e  chawer in yield) may otrowly affect th energy distrlbutim 
ob the SoUTce and th praporllmpllty conatant betweon mute strength and yield. Both C and &may 
therefore be e w c t e d  to m.ry to nome M yet vnbrom degree with leppcm des&n. 

. 

The inltirl gamma d w s  % wults primarily from two separate SOUTceS, fission product 
gunmna and nitrogen capture &pmmos. Thus 

where 4p and hC are the doses due to flssion prcduct and nitrogen capture gammas from a bomb 
of unit yield. 

Each of the t m  camponents OI the dose may be expressed by Eq. S.Z:Z. 

D, = W (S.Z:4) 

a 
f 

The apparent linear attenuation coefficient may be expressed in terms of the quiescent air  den- 
sity p ,  the apparent &near attenuation coefficient in standard denslty air @,, and the correspanding 
apparent mean free ppths in air A and A,. The quiescent a i r  denaity p is defined in units al 4, the 
densityd pure dryair at standard cmditions (do = 1.293 x lo-' gm-Cm-7. TbuE p Is equal tothe ratio 
of the actual alr  density to the Standard air,density d,. 

Thus the initlpl gamma dose is 

(S.2:8) 

We may now make the approximate correction for yariationrr in the quiescent air density be- 
tweensource and receiver due to normaland rehtivelysmnll dunge6 in airtemperrture andpressure. 
The average quiescent air density has been defined in Chpter  1 and the method of calculation pre- 
sented. SuMituttng p for p Eq. S.2:8 becomes 

- 
FR _- PR _ -  I.. %Pa cnc e 

4 = w  
4z l? IrR' 

(S.2:7) 
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Flnallya correction must be -de for the v!ariatiCn in air demity due to b b t  wave perhrrh-  
tionof theattenuating atmospherebetween point of hrstand recelver. This is accomplished by meana 
of a hydrodynamic scaling factor h, which is a function of the bomb yield, the average quiescent air 
density, the dietaace from point of burst, a d  the type d radiation. Thvs 

0 

The reason for theexistence of thehydrodynamic scalingfactor can easily be understood. The 
attenuation d any radiation between source and receiver ia dependent upm the number of mean free 
paths between these two point.. The number of mean free paths is directly proportional to 

In a quiescent atmosphere with given uniform denaity pi the value of the integral la obvloualy piR 
Now suppose that all the atmosphere inside a sphere of radius R is compressed into a very thin 
spherical shell Juat imide radius R. Applying the law of coaeemtion d maas, it CQI~ easily be shown 
that the value of the integral is in this use  equal to p,R/3 80 that the number of mean free paths has 
been decreased to 1/3 of the unperturbed value. Since the blast wave is travelling outward from the 
point al burst, it is evident that the number of mean f r e e  paths to a point at radius R changes an a 
function of time. When the thin shell moves past the p@nt at R, the number d mean free paths may 
become mucb less than 1/3 of the unperturbed value over some period of time. 

Thephenomena which occur in the propagationof the blast m v e  due to the explosion at a point 
are in reality much more complicated than the simple picture presented above. Certain properties 
of the real hydrodynamic scaling factor, however, a re  clearfrom thefollowing physicalconsiderations. 

1. For yielda sufficientlylow the value of h ia unity, i. e., there is no appreciable compression 
effect on the atmosphere. 

2. For iny given yield and quiescent air demity, h will become constant with distance at a 
sufficiently large value af R. This is because the blast wave will have disappeared before 
reaching the distant point. The attenuation of radiation in penetrating to greater distances 
does not therefore depend upon the hlast wave but only upon the quiescent atmosphere at 
those dietames. 

3. The value of h for aparticular kind of radiation can never exceed where A. Is the 
meanfree pathfor that radiation instandard density air. Thia is the value whichthe hydro- 
dynamic scaling factor would have for the case of infinite yield, in which case all d the 
attenuating medium would be permanently removed between the point of burst and the re- 
ceiver. ThIs factor is just sufficient to cancel the exponentkd factor in the dose equati0nS 
and it. use is equivalent to specifying that in this case attenuation is only by geometrical 
and not by material meam. 

4. For sufficiently s d l d i s t a n c e  from the point d burst I?, any explosion will tend to appear 
somewhat like an Mintte explmion, at l e u t  for a short time. In this period all of the 
intervenirq atmwphere will be blasted away from betwFn the point of burst and the re- 
ceiver. m e r  such conditions h will d a o  te given by e*PR/h. Thia statement 18 true to 
the extent that one can neglect the rehrrn d the atmosphere to it. equilibrium condition 
while the radiation source intensity remains hIgh. Naturally, for small yield. this last 
c d i t i a i  is - to be violated. 

0 
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From these cmmlderatlms it la poutble to lmmedlately draw the general shape d th hgm- 
dynamic scpllrrg factor curve M a function d dIotance for m e  chceen akr k i t y  m d  yield. m e  
c u m w  hagin at the origin (h = 1, R = 0) with a determiDd by th Mtolte yield value for  
b 5 ew *r. lZ? .lope .hmld Endually dec- wlth dWance0, It large d-eo reaching a con- 
mbnt value. An id- plot d b si6 a function d R lo ohom in Fig. L2:l for camtant pulcocsnt air 
d e ~ i t p ,  and wlth yield nm a p.ranuter. 

ga 

I W = 0  1 

0 

Fig. 3.2:1 IdelUeedShapeafAydrodynamicScaling Factor Curve as PFullCtionafSource- 
Receiver Distance & ard d Weapon Yield W. 

Simplification of Dose Equation - 
The general equation for the initial gamma dose which applies for all ranges af weapon yields 

and designs & been derlved. 

D~ = "plfp Dip + hnc "nc] (3.2:8) 

This equation shows the dependence af the initial gamma dose on two separate gamma sources and on 
the corresponding hydrodynamic scaling factors. A6 wiU be shown belm, the component doses (4p 
and hC) do not scale with variations in air density in the 6ame manner as do the hydrodynamic 
scaling factors (lqp and bc). It is therefore necessary to be able, in some manner. to determine 
the component doses separately from the hydrodynamic factors if we are to attempt to extend the 
limited dab amtlable over the wtde nnge 0i air densities d importance. 

To achieve thia sepalation we necessarily resort to simplification d Eq. %2:8 since wlth our 
present knowledge it la not poasible to use this relatim directly. Two possible approaches to  sucb 
sImplUication have been considered and are briefly discussed below. 

Theflrat methodattempts touse the little inSlght we have on the interrelationshipa of the time 
a[ emtussion d fission product and nitrogen capture gammps, the yield, a d  the hydrodynamic effect. 
The emlorion timea for filuim product and nitrogen capture &ommn radiation are quite different. 



Thus, the neutrerwhlch generatenttrcgen caphuegamma8 areemitted veryqukkly duringthefiesim 
reaction and escape into the atmosphere ahere they are alowed d o m  a d  finally uptured. The meau 
lifetime in alr at sea level of a neutrm d MY initial energy ie about 0.07 MC. Ihus, the gamma 
radiation produced from neutron capture In nitrcgen should be most Menae at early times, d the 
order of 0.1 sec. FInsion product gamma radiation, on the other had, In emitted mostly after the 
nuclear rmction is over and thin nource remaha intense over a much greater time l u t e d .  Because 
of the early b i M  d nitrogen captare gpmmns. it is to be elrpected that they should arrive at the re- 
ceiver before the blast mve aud thus escape mMt or all of the re6Idting multiplkation of dose. To 
a low order approximatla om W d  expect therefore that hnc - 1.0 and that this approximath hold. 
e q d y w e l l  for low, intermedkte, d high yieield.. The blast effect would then act only on the fissim 
product gamma np and the determtnntlon d hfp la what ie rqUired. Further simplification can be 
obtalned conalderation d the variation d the hydrodyllpmlc effect aith bomb yield. For low yieldn 
(leas than 10 ISI') the hydxdynamIc effect hps been s h m  to  be unlmportPnt and h is essentialIy 1, 
while for h@ yields (above 100 sr) it 1s d dominant importance and h m y  be a8 high a8 10' in Ule 
blT region. We maynow conrriderthe modifications of Eq. 3.2:8 for the three r+nges of weapon field. 

Loar'Yield (less than 10 KT). Both lyp and hnc a re  appkoxlmately equal to 1. Thus, 
# 

% = "["lp + "nc] (3.2:D) 

Intermediate Yield (IO to 100 KT). In thin yield range hnc ir &Ill approximately equal to 1 but thie 
may no longer be true d hfp. T~UE 

W h D  + D  (3.2:lO) 4. = [ fp fp 

High Yield (above 100 .ISI'). The equation shown for intermediate yields cpll also be applied to high 
yield weapons. Thu8 

(3 .2: l l )  

In the very high yield range where hfp is quite large, may be small in comparison to 
hPpDtp and therefore 

Dy = W h  D (3.2311) 
fP fP 

The secmd method of simplifying Eq. 3.2:8 does not attempt to explore the separate fission 
productand nitrogencapture gammadoses but rather defines an effective hydrodynamic scallag factor 
which applies to the sum of the two. Thus the effective hydrodynamic scaling factor is 

- - 'fpD*p + L D n c  

Dfp + Dnc 

The Initial gamma dose is now given a8 

D y =  Wh effp*p + D  nc] 

(3.2:13) 

(3.2:14) 

We have chosen the second method of simplification and accordingly the presentatim of inftlal 
gamma dose result. and the correlation d experimental measurements wUl use Eq. 3.2:14. The 
d y ~ h  of experimental resulta rlll yield values of rather than either hfp or hnc. T h l ~  cholce 
was based on several fac ton  but primnrily because the second approach appean to yield results 
more reasonably consintent wlth the limited amount of hi@ and Intermediate yield experimental data 

. 

I 



- 
aI;rllnble at present. Further, tt dosr M in a toluIderat4~ rlmpler k.hion md haa the rdded KI- 
rnntnge that the single -Urn can be rpplled to al l  yield ranger. 

8calircg for VarhUau in A v e ~ g e  Quiescent Air  Dsmiq 

Values d the initial ~ommn dose % pad the hydrodymmlc sdircg factDr b a r e  ruplred 
over a aide range d cmdltlone. While meneured onlw. d the h e  (pad corrclequently d b, rhlch 
ir determined from dme mepsurementn) are amilnble over moat d the rnnge M inter& for two d 
the important mrlabler R pad W, thi. ir not true d the thttd, .the iversge puiercent air dmnity i. 
Almost all dose meamuemeatn for rurface bunt. hve been d e  while p'mr in ths m e  0.8 to 
0.0. Cmsequently. it (. necessary to formulate scaUng relati- to rllm extension d the nmnmued 
values ol% and of the derived valuer of baff to other average air densities. 

Slncea theoreticalequation braken cmanretcdfor D,., d i n g  cnnbe donesimply d e r p c t l y  
within the accurncy d the theoretic& model. n ow ever, nince the relai~onnhf~ between md L. 
not known, scaling d requires the w e  d Ddditiollpl spproxlmntlonm and 16 therefore subject to 
greater mertaintles.  

Scaling the initid gnmmn dose can be done in several wap, the mmt convenient apprclach 
being uaed here. The b e  equation Is 

Transposing, 

(3.215) 

(3.215) 

Since and R are  the onlyvarlablea mthe rightaide of the equation DIld they appear only as aproduct - 
PR, 

Therefore, if the quantity D#/W h&f is h m  for some d i h c e  R, and avemge demity&, then 
the same d u e  of DyR'/W b~ holds for any other density & and distance &, chosen mch that 

or 

rr, =(?). 
The 6ame relatton restated is 

(S.2:173 

Eq. 3.2:17 and S A 1 8  are then thescaling relations required for transferring, not the dme, but rather 
the quantity %R'/W b to other air deMitlee. 



Scaling of the hyddynnmlc Scaling factor for dlfferent alr deneltie6 requires analytical ex- 
ainatim ai hefI, albeit a very crude one. 

It la aasumedthat the energy spectrum of fission product am3 nitrogen capture gammas can be 
repnsented by a single effective energy and further that this effective energy does not change witb 
time. Ibe e.qreaaImfor the total initial gamma my dcme received at polnt R, with avemge quiescent 
a i r  demity 5, yield W, and with the hydrndynnmic effect Included la 

@ 

If there were no hydrodynamic effect to be conaidered, the dose would be 

where 

D(R, z, W) = d m  recelved with the hydmdpmic  effect included 

Dq(R, 5, W) = dose recelved witb the hydrodynamic effect ignored 

C = convemion factor which determines the doae units 

W = yield 

.S,,(t)/W = rate d emisaim d gamma my8 pePanit yield 

~ ( R , P ,  W, t) = totpl linear attenuation caicient under ahact condttfoar 

p 5 )  = total hear  attenuation coefficient under ambient conditions 

B(p(F,;, W, OR] = buildup factor under shock cmditicma 

B[&)R] = buildup factor under ambient conditions 

ty = time chosen as the end of lnitlal gamma dose period 

(3.2:20) 

I 
The ratio of D/D, 18 the hydrodynamic maling factor h, which is then given by 

Using the mean value theorem 

- 
where ti In a time k tveen  0 rrd 4. 

(3.2:22) 

_. 



u we now make the following pclEUBlPtions: 

1. 

2. 

3. 

where F issome unspecifiedfunction of R, W, and ti. Consequently if the hydrodpwnic scPling factor 
1s known for  some quiescent a i r  density pi and it is desired to transform b& to a different density &, 
the scaling law (using the listed PssumptionS) is 

(3.2:24) 

It should be observed thpt while olrsumptlm 1 above is prohblynot bad, the rempiuingpclsump- 
tions taken together a re  subject to serious question. - - 
3.2.2 LOW AND INTERMEDIATE YIELD WEAPONS 

The results presented for  low m d  intermediate yield weapcms are  h e d  on experimental fIlm 
badge measurements reported by Los N a ~ o s 6 ~ 8 * Q  and the E m s  Signml These 
measurements, despite some discrepancies, provlde a reneonably cmabtent and accurate picture of 
thedose-distance relations forlow altitude bursts and low to intermediate yields, this area d nuclear 
radiation effects being one d the best knawn. The experimental data underlyhg.even these results 
are, however, by no means complete; data for very long and very short distances and for yields be- 
tween 50 and 100 KT are  atill inadequate. 

From the curves included in this section it is poesihle to Calculate the initial gamma doee for 
fission and boosted fission weapm yields of up to 100 KT, average quiescent air denrities ranging 
from 0.2 to 1.1, and source-receiver distances of between 500 arid 6000 yd. These renultm are emti- 
mated to be accurate to ~ith~in-afactor of two. 

The dose-distance curve derived from the film badge measurements is compared below with 
results from tam other sources. An analysis by M a l d  using both theoretical camideratione and ex- 
perimental results permits calculation cd the initial gamma dose by separation into its two major 
components. Harris andVortman12 givea simple equation for tbe Initial g a m  dose bpeed on fitting 
the point source formula to experimental results. 

l 

Dose Measurements and Analysts (Film Badge Readings) 

Fig. 3 . 2 9  in a plot of experimental values d L@/W h . t t p s  a function of distance R All of 
the experimentaldatahave beenadjusted t o m  avenqe aIr density p = 0.9 and to W hd rather than to 
the yield W. The methods of adjustment are described in Section 3.2:1 and below, respectively. The 
representative e rpewen ta l  data were selected from e (mots 1 through 12111 and -Mer- 
Snapper (Saoul 2 through 8) ' both instrumented by E m  6igIWl Laboratory, and fmm Tumbler- 
k p p e r  (mote 2 thrargh E), B m e r  ( m e r ,  Chariie, DOE, W Y ) , ~  and m e r  (A, %, %, E, ~ ) , 8  

. I. . .  
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all instrumented by La Alpmm BcientUic hborat~rg. M determined by ESL are plcUed u d d .  
ahile those determined by LASL are plotted an crmees. IMpecUon of Fig. 5 . 2 9  .how@ two aignlfi- 
cant ditferencesbstaesn *La ALmcnrad ~ & t a - t h e ~ d p t . i n ~ t h e E B L & t a a n d  
the apparent mean free path d the LASL data dightly longer than tJm mrre.polldlllg mean 
free path for ESL. The reiuonn for these difference@ are  thought to lie in tbe blfieriog aemitlvltles 
d t h e  twotypes dfilm dcteetom used by ESL rad LASL, Md In the change ol Initial gamma spectrum 
vith dialmce. A firm exphmtlm is not poMible at thia Ume becauee the meamred resultr are at 
leastpartially incombtentwlth what varld be expected on the mi. of what In k n k  about the detec- 
tor eensitivtties and the r p c c M  change. 

The ESL film detectom have a reaafmably flat rcEpoMe to &nmmplr except at  the high energy 
end of the epectrum. At low energies, however, there is a cutoff at 80 kev wlth only a alght hump 
in the reopporrse c u m  immediately abwe thin energy. 'Ibe ESL results therefore can bc expected to 
underreport the effects d I m  energy &ommp11. The LASL film detecton cut cltf at a thre.hold of 
40 Lev but are extremely semitive to that part of the epectrum between 40 DIld 100 kw, and ahauld 
therefore overstate the effects cd the soft gammas. The coneluston rorrld seem to be that for a spec- 
trum where the low energy compment is appreciable the LASL dme should lie nbove the ESL d u e .  

e 

e 

Theoretical calculatiorrcl by Borg and Eiaenhauefi a( the initial gamma my energy opectrum 
an a function of distance have indicated that an appreciable hardening of the energy spectrum o r  M t  
in the high energy direction occurs an the distimce from the point of burst increases. Thus the im- 
portance of the low energy c o m p e n t  decreases with distance a d  one rould expact that the dme 
reading would drop faater for the low energy sensitive detector, Le., this detector muld have the 
shorter apparent mean free path. While the LASL data lie above the ESL data, which fmm the a m -  
menta given abme might be expected, the relative d u e s  d the observed -rent mean free paths 
are  the reverse of expected. Further effort is required to resolve thin conflict. It 1. conceivable 
that further.dlfference8 in the high energy sens!tivities d the two detecton may be at leaat partially 
responsible. 

A straight line of best fit is drawn for the data shown in Fig. 3.2:2 but the line is adjueted 
preferentially in favor of the ESL detector on the basis of estimates that its over-all respanse yields 
results closer to the true dose than the LASL detector. 13, 14 

The equation describing the straight line fit of Fig. 3.2:2 is 

where 
D,, = total lnltfnl gamma dose, r 
R = distance between swrce  and receiver, yd 

w = weapon yield, KT 
hdf  = effectlve hydrodynamic scaling factor. 

For present purpwes this equation wffl be used a6 the bpsis of dose calculations for low and 
intermediate yield, low altitude bursts. The apparent mean free path in standard density a i r  ia indi- 
cated to be 324 yd for  R between 500 and 3500 yd and this d u e  should be interpreted as an average 
for  fission product and nitrogen capture gamma radiation. 

Not only does the eomposlte data permlt such a straight line fit but the values d D,,R'/W heff 
as a function of R for any one individual shot also plot an a straight line within the limits d experl- 
mental e r ror  and over thediatances at whlch mea8urements were made. Thls Ls somewhat surprlsing 
since the apparent mean freepath forneutron capture gammas should be considerably longer than that 
for fission product gammas. Such a difference w d d  lead ua to expect a mean free path which in- 
creases with increasing dinlmce from the eource and therefore a somessht curved rather than a 

' 

e 



I straight line. X tJm experlmentd fllm bnd&a data ploaad PI h Fig. S . 1 9  did Bow .ome der ln t ia  
from a .tra@t line, It would be poasible h principle and to a low order d accurncy to ~ P L E  a repa- 
a t ton  ol the total done Into it# component., 1. e., Into flsslon product Md nltrcgen capture ~pmm 
doses. Siace fllm bpdlre detectora record only the total dose integrated over all Ume, they do not 
normally permit such a scporatim. 

As noted above, the fllm hdge  data for  low and intermediate yield  weapon^ fall clone to a 
straight line. Such slightsuggestion dlengthening in the -rent mean free path with dbtance which 
does appear in ~ i g .  3.2:2 occurs beJrond about 3, OOO yd, but is well within the experlmentd error  of 
the measurement#. Tharefore, where extnpolation d the neulu of Fig. 3.2:2 to larger distancee 
WM required, the atraightliae was extended. Thir may lead to some .slight underestimate of the pre- 
dicted doees for  distance8 lager than S, 500 yd at p = 0.9 and for correspmding distances at other 
average air  densities. 

It is of interest to compare the initial gamma dosedistance relation derived above and r epn-  
sented by Eq. 3 . 2 2 5  with two 8imllar relations from alternate sourcea. The theoretical aualgsis cd 
M+1G p r d e s  the baais for calculathg the total Initid gamma dme thmueh it. separation into the 
fission product d nitrogen capture comparents PB given in Eq. S.2:8. "ha, the cawenion factor8 
Cfp and Cnc and the apparent me= free patba h standard density air %m and A,,, can be calculated. 
For histances greater than 1300 yd from the point of turat this d g s i s  yield6 

- 
PR i;R - m  - _  

+ 2.87 x lo8 hnc e D,,R' tU 
- =  3.18xIO'h e 
W fP 

(3.28) 

- 
For low and intermediate yield weapons where the hydrodynamic #d ing  facton are  close to unity, 
Eq. 3.23 is approxfinately 

(3.236) 

The calculations from wblcb tbenumerical values ai Eq. 3.2:28 are  derived are approximate only, but 
they do at least permit separation of the total dose into its two constituents. It should be noted that 
Mal& ha8 applled his origtnal analysis to both delivery rate and total doee calculatlaana for four test 
tursts in the 10 to 50-KT yield range with reasonable agreement with experimental results. 

The analysin of experimental dose measurements by Ear& and Vortmaul2 indicate8 that the 
following equation can be wed to represent the relationship between initial gamma done and dlstance: 

(3.2:27) 

Notethat the effective hydrodynamic scaling factor is not explicitly included in Eq. 3 . 2 9 7 ;  this equa- 
tion m a y  not be strictly comparable with the results presented in Eq. 3.2:25. Since in the low and 
intermediate yield range is not far from one, this should not be a major difference, however. 

Fig. 3.2:s shows the three c u m s  represented by the equations previously presented. In the 
figure, D#/W and D,,Ft'/W are  plotted as functims ai R for staodard density a t r  6 = 1.0). The 
three equattom are tabdated below. 

I 
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Fig. 3.2:3 Comparison af Init lplGamma~e-Dbtance Resultsfmm Several Sources for 
Surface Bursts of Lon and Intermediate Yield Weapons 6 = 1.0). The b h e d  line is 
extrapolated. 



Curve 2 (theoretical seporatlm of doses) 

_- ik -- at 
284 US + 2.87xlO'e - %* = 3.18 s 10' e W 

Curve 3 (mrria-Vortman experimental results) 

(3.2:25) 

(3.2:26) 

Since the experimental film bndge data only extended to about 3500 yd, Curve 1 is drawn as a 
solidline tothls point only. The dashed portion d the line la extrapolated. Simllarly since Eq. 3.2:28 
does not hold below about 1500 yd, Curve 2 ls not exterded to shorter diatances. 

The maximum spread between the c w e s  la a factor d fcur nnd for most of the data the spread 
is less than this. Discrepancles of thlsorder areperhaps notsurprbing considering the uncertainties 
In both the experimentd measurements and the theoretical calcuhttons, and in the different means 
used to obtain the results. Thus the determinntion of the numerical coefficlents d d the apparent 
mean free paths of Eq. 3.2:26 involve approximatlons of an undeterminable nature. Converalon of 
the detector reading into dose introduces ermn, both-those due to calibration and those due to the 
change of energy spectrum with dlstance, aa previously noted io connection with the comparison of 
the LASL and ESL results. Curves 1 and 3, being bpsed on wenpon test nsultd, include the effect of 
the earth surface and of the cloud rlse on the dose d i l e  Curve 2 does not. Also, the bydrodynamlc 
effect is treated differently in the three equatlons. Other factors may be important. 

e 
The analysis based on separation of the dose components yields the longest apparent mean 

free path (approximately 400 @) wWe the fllm kadge meaaurements yield a d u e  of 324 yd. U the 
experimentai measurements are tu be bellewd, it wc-dd appear that Curve 2 underemphaslzes the 
importance of the fission product gammas. 

Determination of Effective Hydrodynamic Scaling Factor 

The hydrodynamic effect is expected to be s a  for low a d  intermediate yields. (b ia 
equal to or  close to unity). A proper treatment of the blast wave perturbation of the attenuating me- 
dium, therefore, is not essential for yields less than 100 KT although lt becomes of dominant impor- 
tance in the NIT reglm. An approximate method of determining heff PLI a functlon of yield is shown 
below. This method Ignores the dependence of hen on the average quieacent air denalty and on the 
source-receiver distance, the errors involved being comparatively small. 

Equation 3 .214  is the eimplifieddose-distance relationshlp applicable to low and intermediate 
yields. 

D,, = W b  e&ip + Dnc] (3.2:14) 

(3.2:15) 

I 



Aaauming that h d  is mt a function d R and i;, for given d u e s  of R d i; the supnuties in- 
aIde the bracket. are conetant and the dose is proportional to W rad bf only. 

Dy = k W h d  (S. 2:28) 

For low yieldn where h d  = 1 d at the same d u e s  of R pod p, the dose is then 

(3.2:2@) 

The relationship for is then 

- DY 

- m (S. 2:30) 

The effective hydrodynamic scaling factor is determined by plotting the measured dose at some fIxed 
d i s t a n c e d  airdensity against yield for an many sbots a~ available in the low and intermedlate yield 
w e .  The portion of the curve at low yields is found, an expected, to be approximated quite well 
bya straight line. This lineand itsextension represent(Dy)l, the dose to beexpected intheabsence of 
the blast effects. The n t i o  of DV/(Dy), is then h,,Jp Fig. 3.2:4 presents the quantity W )htf M a 
function d the yield W. 

Because the effect8 of air density and distance from the source a re  neglected, errors  of up to 
WO percent in heff mag be expected in some cases fo r  100 KT bursts. These errors  a re  cmsidered 
acceptable at present in the Hght of the seved large uncertainties in the dose determination. 

- Calculation @the  Initial Gamma Done - 
The dose-distance relationship represented by Eq. S.2:25 and plotted in Fig. 3 . 2 2  and 3 . 2 3  

(Curve 1)has beenextended tocover arange ofair densitiesby the method described in Section 3.2.1. 
Values of %R*/W bff have been plotted in Fig. 3.2:5 as a function of R with pas a parameter. The 
solid portions of the lines of Fig. 3.2:5 represent the original data or transformations d such data to 
other air densities. The dasbed portions d the lines represent extrapolations. (Fig. 3.2:5 presents 
curves for a s  low as 0.2. These low air densities a re  not applicable to surface bursts but are in- 
cluded here for  ~onvenlence since Fig. S.2:5 will 00 be wed to calculate a i r  burst doses.) 

To find the initial gamma dose 4 for a particular burst it is necessmry to knowthe yield W, 
the average a i r  density i;, and the diatance from the amrce R a t  which 4 is desired. The quantity 
4 R * / W  heff is found from Fig. 3.2:5 at the known d u e s  of p and R; W h d  Ls found at the known 
d u e  of W from Fig. S.2:4; the appropriate arithmetic produces 4, the initid gamma dose, in r. 

I 

PROBLEM 1 

The initial gammadose due to a low or  intermediate yield weapon is required at a glven point. 
The distance between the point of burst and the receiver, the average quiescent air density, and the 
bomb yield are known. 

Solution 

1. Find W heti from Fig. 3 . 2 4  at the given yield W (in KT). 
2. Find 4 / W  )htf at the glven distance Md average quiescent a i r  density from Fig. 3.2:5. 

3. The required dcee in r is the product d the d u e s  of W and 4 / W  bfi found in stepa 
1 and 2. 



meld W, FT 

Fig. 3 . 2 4  W h , , ~  ana Functioad WeaponYield W Ior8urface and Air Bursts of Low and 
Intermediate Yield Weapons. 

Example 

What is the initial gamma dose at a dlstnnce d 2000 yd from the point d burrrt af a 40-KT weap- 

1. From Fig. 3.2:4 W k is 44 KT. 

2. From ~ i g .  3.2:5 D,/W k at 
3. The initial gamma dwe Is therefore (44) (2.0) = E8 r. 

m? The iverage air density is 0.8 .  

d 0.0 aud R 01 2000 yd is a.o r-m-'. 

 PROBLEM^ . 
At what di.tpnee from the burst point will a given dose k experienced? The average air den- 

slty, and the weapm yield are knom. 

Solutim - 
1. FLrd W from Fig. 3.2:4 and the giwn value d the yield W (in m). 
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Fig. 3.2:5 InithlGamma We-MstanceResulInfor Surface and Ai r  Bursts of Law, Inter- 
mediate, and High Yleld Weapons for Several Average Air Densities. The average quie- 
scent air density In defined a13 the ratio d the actual air demity to the air density at 
standard conditions (1.293 x 10-'gm-cma). The value of %/w heff for surface tn~rste of 
all yields is read directly from the figure. The value of Dv/W h a  for air  bursts ol all 
yields is  obtained by multiplying the d u e  read from the figure by a factor of 1.5. 

n 



a. Divide the given InlW gamma do(K by the value of W $tr fd in step 1. 
3. using thevalue of 4 / W  a calculated in Step 2, find thedentred distance from Flg. 3.2:s 

an the curve correspanding to the given air density. 

Eample 

Find the dhtauce from the point d burst at which an InIM gamma dwe d 100 r w i l l  be ex- 

1. From Fig. 3.2:4 at a yield cd 10 KT the d u e  of W h is 10 m. 
2. Ihe  given initial gamma dose divided by the value d W heff is 100/10 = 10. 

3. From Ftg. 3.25 at = 0.8 and 4/W h& = 10 the correapomling dhtance is 1700 fl. This 
is the required distance f r o q  the point d burst. 

perienced for a 10-KT burst. The average air denaity ; is 0.8. 

PROBLEM 3 

What area will experience ao initial gamma radiation dose greater than #ome given value? 
The inittal gamma dose of interest, the average quiescent a i r  density, the bomb yleld, and the burst 
height a re  knom. 

Solution 

1. Using the method cd Problem 2, f i d  the distance from the point of burst at whichthegiven 
value of the dose will be experienced. 

2. Find the distance from ground zero whlcb corresponds to the source-receiver distance 
found in step 1, wing the following relation. 

Distance from ground zero = J(source-rec&ver distance)' - (height of hurst)r 

3. Convert the dlstance f d  in step 2 from yd to mi by divlding by 1780. Find the area of 
thecircle ofvbtcb thisdiatance is the radiu.  This is the required area. More compactly, 

distance from g r d  zero (yd) I 1780 (yd - mi-') 
Required area (mi') = u 

Example 

Find the area which will experience an initial gamma dose of more than 100 r for the conditions 
described in Problem 2. Io addition to the informatton given In Problem 2 It is known that the burst 
height is 1400 yd. 

1. The source-receiver distance found in Problem 2 was 1700 yd. 

2. The dlstance from ground zero is J(1700)' - (1400)f = 960 yd. 

3. The required area is ey = 0.03 mi'. 

Error - 

e 

I 

Theprobable e r m r  in thevalues of 4 derivedfrom thesolid portions of the lines in Fig. 3 2 5  
is the same an that in the experimental results themselvea. Thus the probable error  i. about a factor 
of two, 1. e., it In eatimated that the probPblllty i. 50 percent that the computed done is too large or  
too s d  by lea. than a factor cd two. For the dvlhed portions cd the lines the probable e r m r  may 
very well be larger because d the extrapolation involved, and at short distances abo becawe of the 
queationable validity of the air  demity scaling procedure. 
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S. 1.3 HIGE YIELD WEAPON6 

D e t e r m h t i m  al the dose-dtstonce rslption for  hioh Jlsld rsnpolls m u t  .spin rely primarilv 
m experimental meaourement. in the abnence d adequate theoreU4-irrplg.i.. Unlike &-situatim 
for l a  and intermediate yield rrapone, however, -re expermenial data are plantuul md rcum- 
ably cpuistent, the rtudy d high yield burst6 is serioluly hampered by the small amount d data 
amlhble and the incompletenel(p. and IncmaYtency d these data. The poor documentntim oi radia- 
tion effects from high yield rsnpolu is due prlneipally to th ezperlmentd dfiilculties d measuring 
such effect. pad the relatively small number d hlgb yleld n ~ p o n  tertr rhlcb ha& been made. Under 
these circumstance6 only a very rv& ard simple treatment la presented and the ~ w c k t e d  errore,  
may well be large. 

From the curves included in this sectlon It is posslbtc to calculate the tnltlrl gamma dose fo r  
surface burst@ of W t e d  fission md funion wenpma with yield. from 100 KT to 20 MT, avenge 
quiescent atr densities af 0.2 to 1.1, and source-receiver dIatauces ai betwen 500 and 6000 yd. For 
weapon yields less than 1 MT the done result. M prokbly g o d  to within a factor d three. For 
weapon yields above 1 MT the result. are  probably 110 better thpn a factor d 10 and possibly d M 
much a~ 25. 

Dose Measurements pnd Analysis 

100 ICT to 0.5 MT there am d y  the totpl dose masuraments from 
Total doses were obtpined at seven source-receiver distance8 d 

.5  to 1.0-Id" range there i. one totnl dose reading for Ivy King 
(0.55 at 1800 yd, and one incomplete reading at 1140 yd from which 110 useful informatim can 
be obtained for present purposes. In the yield range above 1 MT there are  two complete total dose 
readings at 2400 and 4500 yd for cnStle'4 (Union) (6.3 hlT);15 one incomplete dose rate curve mean- 
ured at 2500 *, and one total dose value at 4 0 0  yd for Ivy Mike (10.5 MT); lo pad finally one in- 
completedose ratecurve at2400 yd from Castle 1 (Bravo) (14.5 MT).15 "he incomplete doee recorda 
( 1 ~  Mike and Castle 1) show the dose which reached the receiver before the shock wave. For yields 
between 20 KT and 1 Id", and at  the distances at  which measurements have been made, od much M 
50 to BO percent of the dose may arrive after the shock wave, while for yields greater thnn 1 MT this 
may increase to a s  high as 99 percent d the total %ne. 

Table 3.23 Lliwnmariees the data for these high yield bursts. Mormatim presented Includes 
the test serieeand burEtdeoigoaUOII, the weapon type, the avengequiescent air density between burst 
and receiver i n d t s  cd stnndnrd air  density, the actupl d i m e  m e n  receiver md pow d bumt, 
and the value of the meparation distance corrected to standard air density. In addition, there a re  pre- 
sented the dose measurements 5 md the calculated value af DyR'/W in r - yd' - KT-', where W is 
the total yield in all caees. Fig. 3.2:6 present. the cdculpted d u e s  d a p ' / W  for the high yield 
shote plotted against the source-receiver distance adjusted to a standard air density 6 = 1.0). For 
Ivy Mike and Castle 4 wheretwo datapoints areavailable thesepoints are  connected by straight lines. 
what justification there is for this course lies in the knowledge tbat at lower yields and over reason- 
able distances the fnitial gamma dose data fal l  close to a straight line when plmed a s  in Fig. 9.2:6. 

I 

In addltlon to the high yield values the lor-intermediate yield c m  d %R'/W h&, od shown 
in Fig. 9.2:2 but scaled to standard air density G= l.O), ts d s o  included in Fig. 3.2:B. From the 
prior discussion of the hydrodynamic effect one w d d  expect tbat a plot af DyR'/W agalnst distance 
in the region where the variation of & atth yield is tmportant would show separate curves for each 
yield with the highest yield producing the w e s t  curve and the longest mean free Path. At large 
enough distances the curves should all become parallel, while they should converge at  zero dletpnce. 
These characteristicsare rhoan in general by all d the curves in Fig. 3.2:6, Including the low-inter- 
mediate yield curve; because this curve is plotted rather than +e/'#, it dm not 
be expected to conform. However, since h d  is clone to unity in the lor-intermediate yield w e  
and does not vary ppprectably alth distance, the position and slope 0I the curve i. not much affected; 
for this qualitative examination d the data, therefom, the lor-intennedinte yield curve may be con- 
sidered to be %~'/w. 

DyR'/W 
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generpl .gresment d pig. 3 . W  rith theorcltlal expctathm in .horn in T a b  S. a:?, 
where the teat data are compiled in order d inereanlag yield. It ir lw~ l l  that bath the done d u e n  at 
a npreEentPtlVE dbtance (2500 pd) and tbe mean free c0.e ritb incrcorlag yield. The only 
exception to this trend i. the mean inn lath dieh is much too short in com- 
parison with either the high or  loa-intermediate yield shot.. 

Despitethe general agreement cd Fig. 3.26 with cnpcetatio~ there a re  seriou6 diocrepmcien 
in the data. Thru, the Cantle 1 (14.6 MT) pow in  laer  than the corresponding point for Ivy Mire 
(10.5 MT) by a factor d abmt two, rather than bsing lborc u would be expected d w  to the higher 
yield af Ca6tle 1. These two poinEs M more uncertain tbpn the other hlgh yield dah, however, since 
they are b e d  on dcucn read up to OM s e e d  after the brat cdy. "he donas received up to cas 
second are  multiplied by a correction factor cd eight to obtain the total dmen. (The factor of etght is 
based on examination d complete dme dellmry rate curves for other bunt. which indicate that for 
this weapon tppe and yield from 6 to 20 percent d the tom done i. delivered in the first second. The 
incompletedme ra tecunes  forIvy Mike and Wtle 1 M almolrt identical up to one second, support- 
a t h e  u s e d  thesame multipllcatIve factor for bosh). Tbr Ivy Klog (0.66 MT) data point a h  pppe~n 
out af h e ,  being high in cowariaon with the lor-Intermediate yleld c u m  a d  the Wtle 4 curve. 

tbr 

TABLE 3.22 
Compnrisrm d Gamma D o a a  and M e a  Free Path# for Several Test &rats 

MtIal GPmmaDoae Mean Free 
shot Yield,UT at 2500 fl, r Path, yd 

Law-intermediate vield WW~LWIW 0 to 0.10 8 . 8 x l d  324 

1 . 3 ~  ld 260 

6.5 - - 6.6. Id 410 

10.5 4. (1 x 10' 530 

I 

A more serious proble data. Thereare 
seven total dose readings from ch fall very nicely on a s t r r w t  line between 
ad:usted distance8 of 1300 to 2500 yd. The nlope af the line appear0 to bs considerably too steep, 
however, in comparison Mth both the 1 rmedinte yield and other hlgb yield curves. huther- 
more, the apparent mean free path fo - horn on Flg. 3.2:8 (260 yd) is Bhorter 
than the best current estimate d the short mean free path component of the total done. Fission prod- 
uct gammas have been calculated to have an apporent meao free path d 284 yd. (See Section 3.2.2). 
NItrogen capture gammas have a much longer mean free path and it i. hard to see how combining the 
two could produce radiation with a 260-gd d u e .  

A second important discrepancy is the mean free path read from the Cyltle 1 (6.5 MI') data. 
The d o e  oI 470 yd s e e m  somewhat longer thpn it should be. 

While these data are Inconnistent In terms d the mlmple model p l u l a t e d  for initial gamma 
radiation, it is not known if this in  due to oversimpltficatlon in the model or to experimental errom. 
Further It is not clear which experimental rnlues should be 6uuspect if the reason for the Inconsist- 
encies does lie with the data dher  thn the model. 'RNE, there are  several methods af reso la  
the problems posed by Flg. 9.26, depecdkrg m which data are accepted aa moat llkely to be reliable. 

rmediate yiclda and for IVY bfke an moot 
likelyto be rellable andadjust Costle 4 curves to the smalleat degree nec- 
e a u r y  to achieve internal crrmi.tency. ("ME adWtment is determined not d y  bJr what is repuired 
to m a k  F&. 3 . 2 6  combtent but b o  by w h t  i. required to yield re-mable dues of h&). Both 

For the prelent we 
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From the curves d Fig. %%(I awl the simplified b e  equations d Section S.2:l it is ll01 
for hioh yield resp~ul pad * U r d  demity air an a function d 

The simplified doseequatione &to representthe lor-intermediate (fi) yield padhigh (h) yield 

poseible to establlsb d u e s  d 
yield and separatim dhtance. 

weapon results on 

(DY)fi = "ri(heuu)f*pfp + Dnc]fi 
(3.2:14) 

(D& = wh ["fp + "IIC]~ 

If we now make the answnptim that Qp aod (the &pmmn doses due to fission products and 
nitrogen capture from a bomb of unit yield) are Mependent of yield, the effective hydrcdgnamic a d -  
iq factor for high yield weapons 18 simply 

(3.2:SO) ' 

Thus (he& at = 1.0 ean be determined directly from the adjusted data of Fig. S.%6 for several 
yields and separation distances. 

The assumptim that the component doses are  independent of yield is equivalent to ansumiug 
eitherthat the number of neutrons and gammas escaping from the bomb per KT ard their energy din- 
tribution a r e  both constant over very wide ranges of weapon yield, or, alternatively, that the values 
d Cfv C,,, Afp, and Anc, a re  independent of yield. k r g e  changes Ln yield are usually accompanied 
by correspondingly large changes in weapon desige, whtch w d d  certaWy affect the source charac- 
teristics of the neutrons and gammne. Thus, this assumpUon may not be a very good one. It in clear, 
for example, that fusion weapons will have a dlfferent n6wtm pmduction per KT and neutron energy 
distribution than will fission weapons. 

In the absence d any real understanding of how these quantities change with yield and since, 
if we accept this assumption, it appears that no more adjustment of the data is necessary to obtain 
consistent values of (h&, than would be necessary with more elaborate approaches, the present 
course seems reasonable. 

I 
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and Cpstle 4 adjuaed a8 shown, a plot 
H determined for the low-intermedi- 

Using the data d Fig. 3 . 2 3 ,  ri 
cd h,ff for hiah yield WeOPOM wam construc 
ate 2e ld .weGds  were used to determine the lower values of"& plot. Interpolation between there 
points and the high field values from Fig. S. 2:6 established a family of cumen between 0.1 and 10.5 
bfr. A curve for 20-MT yield was alno d r a m  but this is thought to be about a s  far an the meagre 
data should be extrapolated. 

The family d curves of kff w a ~  scaled by the method described in Section S. 2.1 to average 
quiescent a i r  densities ranging from = 1.1; the scaled values are plotted in Fig. 9 . 2 3  
through S.2:lS for the several alr densities. (The lower air densities are not applicable to surface 
bursts but are included here for convenience, since these figures spill also be used to  calculate air 
burst dwes.) 
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Source-Receiver Distance R, yd 

Pig. 3 . k 8  Effective Egdrodynamic scplbg Factor8 for Burince and Air Bursts cd Eigh 
Yield Weapons 6 = 0.4). 
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Source-Reedver DLmance R. fl 

Fig. 3.2:Q Effecfive Hydrodynamic Sclllng Factors for Surface and Air Bursts of High 
Yield Weapons 6 = 0.6). 
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&urce-Reeeinr Distnncc R, fl 

Fig. 9.2:lO Effective Hydrodynamic Scaling Factors for Surface and Air Bursts a[ High 
Yield Weapons 6 = 0.8). 
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Source-Receiver hstance R, yd 

Flg. 3 . 2 1 2  Effective Hydrodpmic Scaling Factors for Surface a d  Air B~rSts cd High 
Yleld Weapons G= 1.0). 
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Fig. 9.2:13 Etfective Eydrodg~mic Scding Factors for Surface und Air Burets of High 
neu we- 6 = 1.1). 
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Calculation d Initlal Gamma Dwe 

The expression for the initial gamma dMe for high yield weapons & oktlned by trampwing 
pnd rearranging Eq. 3.230. 

(3.2:Jl) 

Thus, to determine the initlal g ~ m m p  dose it Ia necessary to how the weapon yield W, the average 
quiescentair density;, and thesource-receiverdmmce R (D,.R'/W in found from Fig. 3.25 
for the appropriate d u e  d  and P, and &fI)h i~ found from pig. S. z:? through S. 2 9 3  for the 
appropriate d u e s  R, i;, and W. The iritlpl gamma b e  ( 4 ) h ,  in r, in determined by the indice 
ted multiplication. 

PROBLEM 4 

The initial gamma done due to a high yield weapon is required at a given point. The distance 
between point of burst and the receiver, the average quiescent air density, and the bomb yield a re  
known. 

Solution - 
1. Find the effective hydrodynamic scaling factor Q for the given average air density, the 

bomb yield, and the nource-receiver distance, from the appropriate figure (Fig. 3.2:? 
through 3.2:13.) 

2. Findthe d u e o f  Dv/W for thegrven average air density and source-receiver distance 
from Fig. 9 . 2 5 .  

3. The initial gamma dose in the product of Q (from step l), D,/W heff (from step Z), and 
the given yield W (in KT). 

Example 

I A 0 . 8  MT bomb is detonated on the earth's surface. The average a i r  density ; = 0.9. What is 

1. From Fig. 3.2:11 G= 0.9) at 3000 yd Ud for a yield of 0.8 MT, the effective hydmdy- 
namic scaling factor is 2.8.  

2 .  From Fig. 3.2:5 at 5 d 0.9 and R of 3000 yd, %/W bf is 0.052 r-KT-'. 

3. The initial gamma dose is therefore (0.052) (2.8) (800) = 120 r. 

the initial gamma dose 3000 yd away from the point of burst? 

PROBLEM 5 

At what distance from the burst point will  a given initial gamma dose be experlenced? The 
average air  density and the weapon yleld are given. 

Solutian - 
1. Select several source-receiver distances entimated an well as possible to bracket the de- 

sired distance. 

Using the method of Problem 4 compute the dose at each d the selected points until the 
given dose has been bracketed. 

2. 
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3. The desired source-receiver dWtpnee id obtnined eitber by plotting the results for step2 
and interpolating o r  by actually calculating the dme for a d d i t i d  source-receiver did- 
tances within the n g I m  of Interest f d  in step 2 until a aotbfactory degree d approxi- 
mation is achieved. 

Error - 
For yields below 1 MT the dose computations are probably good to within a factor of three. 

This is because shock effects in Ulia area are not so great as to cause complete dlatortion of the rel- 
atively w e l l h m  results for  tbe low and lntermedkte yield regions. For yields greater than 1 MT, 
because of the glarhg Inconsisteacies among the elrperimental meamrements and of the very crude 
scaling techniques, an er ror  factor d the order of 10 is quite possible over most of the region. In 
the region of very high yields, an error factor of the order d 25 la not inconceivable. "his is an un- 
fortunate but realistic estimate of the state (II our knowledge, and points up the usency  of further 
work in tbisfield. 

3.3 WSE-DISTANCE RELATIONS FOR AIR BWWTS 

An air burst is one whcae firehall does not intersect the earth. The initial gamma dose from 
highaltitude burstsmay be expected to differ from surface bursts for 6 e v e d  possible reaSON1. With 
increasingaltitude thegamma sources and particularly the nitrogen capture gamma# behave less like 
point sources and the air-earthboundary la reduced toa minor role in determining the scattered dose. 
Also the hydrodynamic effect is quite different for  a burst in free air, compared to m e  near the air- 
earth interface. In g e n e d ,  it is not expected that the inltial gamma dose for low yield, hlgh altitude 
bursts will be greatly differentfrom thatdue tocorresponding surface bursts; it is expected, however, 
that this difference will increase with yield urd become of major importance for high yield weapons. 

Inasmuch as there han been only a single air burst a t  very high altitude (Teapot lo), it is nec- 
essary for  us to depend on the results of sudace butrRs to anticipate high altlhde results. Fortu- 
nately the physlcs of the sltuation 1s simple enough to permft repsonable exteMiM d surface burst 
data to all but low altitude, high yield a i r  bursts. 

9.3.1 LOW AND INTERMEDIATE YIELD WEAPONS 

The only very high altitude burat on record in the low and Intermediate yield reglw is Teapot 10 
(3 KT, 32,000 f t  burst height). The complicattng effect of a widely varying quiescent air density m a  
avoided by positioning the dose recefvers for Teapot 10 at approximately the burst altitude rather than 
on the grcund. (In addition to the high altitude Teapot 10 test, two moderately high altitude testa have 
been made, Upshot-Knothole 4 (11 IC", 6150 ft  burst height) and Tumbler 3 (30 KT, 3450 ft burst 
height).) Teapot 9 was sensibly identical to Teapot 10 except that its burst helght was 740 ft. The 
initialgamma dosemeasurementsl, l1 from thetwo ahotsindicate that when corrected to the sameair 
density: 

1. the hlgh altitude dose was greater than the low altitude dose at all distances, 

2. the average factor by which the high altitude dose was greater aad 1.5, and 

3. thefactor wasgreater than 1.5 close tothe burstpoint and less than 1.5 at large distances. 

It had been expected that, when reduced to the same air densities, the shots d d  have given 
the same gamma dose at a given distance. The reason for the difference Is still not fully understood. 
It is believed, however, that neutrons may have contributed asubstantial portion of theapparent gamma 
dose. It Is also poesitde that the nitrogen capture gamma ray dose may be affected at high altitudes 
by the greater diffusion length of neutrons before capture. The greater ex&ensim inspace dthef i re-  
ball and of the nitrogen capture swrce  may be the cause of the decreaned apparent mean free path, 

In any case, It is recommerdedtbat to aolve dose-distance problems for air burst. of low and 
intermediate yield weapons, the dose be calculated from Figs. 3.2:4 and 3.2:5 exactly as prescribed 
forsurface bursts in Section 3.2.2 and then multlplled by a factor of 1.5. T h W  treatment is conserv- 
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ative; more careful analysis url expertmental ro rk  may renult in a decrease in the d u e  of the cor- 
rection factor. 4 

9. 9. 2 HIGH YIELD WEAPONS 

In addition to the effects discusmd in the preceding section, which, 11 significpnt, m l y  to o(r’ 
Ikrstsfor allranges d weapon yield, there is me effect of variation of burst height which is peculiar 
to high yield weapons, and rfiich in many canes may be dominant. This is the difference in the s h d  
enhancement between high yield, high altitude bursts and htgh yield, muface &ais. From a burst 
close to the earth’s ourface there will be a direct r h d  wave and a reflected shock wave. As a re- 
sult, the shock enhancement d the dose is greater for  bursts n6ar the Burface than fo r  high altihde 
bursts where there is no refleeted a h d  wave. 

For the moment we w U  consider only the lImtUng canes of a true surface burst (one detonated 
directly on the earth’s surface) and a true high altitude burnt (no reflected shock wave). If the eanh 
is considered to be a rigid plane reflector, then the s h d  wave from a ourface burst of a given yield 
is just equivalent to the shock wave from a high altitude burst of M c e  the yIeldl6. For this reason 
we do not present grnphs of the effective hydrodynamic acaling factors for high altitude bursts in thin 
section. Instead we refer to Fiw. 3.2:7 through 9.2:13 which have been labelled with yields appro- 
priate for both surface and high altitude bursts. The solution of the dMediStance problems for  high 
altitude, high yield bursts is basically the same as that given in Section 9.2.3, except that the value 
d D,/W from Flg. 9.2:5 is multiplied by a correction factor of 1.5 (as described in Sectim 3.9.1) 
and that the effective hydrodynamic scaling factor is determined from Figs. 3.2:7 throu@ 9.2:lS for 
the high altitude yield rather than for the surface yield. 

For burst elevations intermediate betweentrue surface and high altitude, an intermediate value 
of the effective hydrodynamic scaling factor and of the dose can be expected. It is clearly desir- 
ablethat some criterion exist to determine when a burst is a high altitude burst in the sense that there 
is no reflected shock wave. &e possible apsmach to such a criterion may be found in the plots of 
the hydrodynamic scaling factors. It has been noted previously that the hydrodynamic scaling factor 
in expected to level Olf and reach a constant value at some distance from the point of burst. ”he dis- 
tance beyond which heff increases relatively little is a measure of the outer ndius  of the shock effect. 
U the burst helght is greater than this dicrtance, the magnitude of the direct shock Wave wlll be quite 
small when it reaches the earth’s surface and the reflected shock wave will be correspondingly un- 
important. Thus, one may consult the curve from Figs. 3.2:7 through 3.2:19 for the given airdensiw 
and weagm yield (hir hrst yield mther thvl surface burst yield). The distance at which &f no long- 
e r  rises sharply but starts to level off may be considered as the minimum elevation for which a burst 
is a high altitude burst. It must be admitted that this method, while plausible, is untested and should 
be used accordingly. 

I 

PROBLEM 6 

The initial gamma dose due to a high yield, high altitude burst is required ai a given point. 
The distance between point of burst and receiver, the average quiescent air  density, and the bomb 
yield a re  known. 

Solution - 
1. F M  heff for the given average air density, and source-receiver distance from the appro- 

priate figure of the series (Figs. 9.2:7 thXmgh 3.2:19) using the curve with the proper air 
burst yield. 

2. Find the value of 4 / W  heff for thegiven average air density and source-receiver distance 
from Flg. 3.2:s. 

9. The initial gamma dose is the product of hdf (from step l), q / W  heff (from step a), the 
given yield W (in KT), and the correction factor 1.5. 



Enmple 

A 0.8 MT bomb is detonated at an altitude d 28,000 ft. The average air density between point e 
of burst and receiver is 0.4. .Wht is the inttinl gamma dose 3, OOO yd away from the point of burst? 

1. From Fig. 3 . 2 8  G= 0.4) at 3,M)o yd and at the air burat yield of 0.8 MT the value of 

2. The value of Dv/w h a  is 5.2 r-ICT-' from Fig. 3.25 at 

3. The initial gamma dare is, therefore, (1.4) (5.2) (800) (1.5) = 8750 r. 

heff is 1.4. 

= 0.4 and R of 3,000 yd. 

3.4 DOSE-DISTANCE RELATIONS FOR UNDERGROUND BURSI'S 

An underground burst ia defined a8 one where the burst mcum Mow the ground surface. 
From the point of view of effecta it is difficult to distlnguish a burst not far below the surface from a 
surface burst. 

Inan underground burst, initial gamma radiation wllI come entirely from fission products and 
neutron-activated materials in the ground o r  in the weapon. One can safely msume that none of the 
neutrons will escape into the air and produce nitrogen capture gamma rap, unless the bomb is de- 
tonated within a few feet d the surface. In that case the burst should probably be interpreted as a 
surface burst. The extent to which soil material wi l l  be activated depende, d course, upon the com- 
position of the soil. Although soil activation has k e n  detected in the underground and surface shot8 
in Nevattl' and in the Marshall Icllands surface shota, there is no reason to believe that in either 
location it caused a substantial contribution to the Initial gamma radiation dose. Consequently, in 
this treatment of underground bursts, fission products are  considered to be the only source of initlal 
gamma radiation. 

3.4.1 LOW YIELD WEAPONS 

To date there . & e  been two underground detoraions of nucleor weapons, both in low yield 
range, a 1 . 2  KT, 17 ft underground shot at &rn@Q, 20 and a 1.1 KT, 67 ft underground shot a t  
Teapot. l7 Because of the essential identity of the yields, the two bursts could have been directly 
compared to gain insight into the effects of depth of burial on the M U  gamma radiation dose. Un- 
fortunately only the Jangle undergmund shot was documented for initial gamma ndiations; no such 
data were taken at the Teapot underground shot. Even back-extrapolation of the Teapot delivery rate 
curves taken at times greater than one minute is not possible because vlnds at Teapot had eo per- 
turbed the smrce  material by that tIme that the dose rate-distance results were badly distorted. 
Such extrapolation, tf it had been possible, might have allowed comparison witb equivalent data taken 
at ibe Jangle underground shot. 

Considerations which apply directly and almost uniquely to the analysis of underground burst 
initial radiations are: 

1. the time at which the active material emerges from the ground, 

2. the fraction of active material, including fissian prcducts and lnduced activities, which 
remains In the ground, 

3. the amount and nature of induced activities, and 

4. the extent to which the earth materlal intermingled with the uctive material affects the 
attenuation of radiation. 

It IS perhaps' clear on intuitive grounds that two bombs of identical yield but at substantially 
different burial depths wil l  have different initial gamma radiation characterbtics. "be same remark 
w i l l  apply to two bombs of different yields detonated at the same depth underground. The coupling 
between yield and depth and how the Initial radiations depend upon these coupled parameten is not 
understood at all. With our present limited knowledge we are able to pmduce only dose-distance 
curves normalized to the mauremmtta  made at Jangle. The following expressionzo was used to 
generate the curves. 

e 

e 
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(3.4:l) 

where 
% = initial gamma dose from an undergmund tnust 

r-yd*-gomma-' 

hp/W = emission rate d fissionproduct gammasper unit yield at burst time, gPmmas-sec-l-KT-' 

C = conversion factor, 1.39 x 

= gamma ray total linear attenuation coefficient at standard olr density 

= average air density in units of standard air density (4 = 1.293 x lO-'gm-cm-') 

R = source-receiver distance, yd 

B(h@ = gamma ray buildup factor at G R  mean free paths from the source 
tv.= time nfter buret at which initial gamma dose period ends, sec 

W = weapon yield, KT. 
The effective energyof thefission productgamma rays is taken 0s 3 Mev and the values of &, , 

B(b&, and C are allselected atthis energy. The valueof Srp/W used in the calculation is 3.3 x 10" 
gammas-sec-'-KT-', and + is taken as60 sec in accordancewith theprevlous adsomewhat arbitrary 
choice cd the Initial gamma time period. 

The curves presented in Fig. 3.4:l were scaled from the experimental to d e r  air densitlea 
by means af the scaling relation descrikd b-Section 3.2.1. To the extent that eartb material mln- 
gled with active material and cmtributed lmiorpntly to the gamma ray attenuation, the scaling is in 
error. Due to the previously mentioned lack of understanding of the variation of dose attb weapon 
yield and burial depth, it is advlsable to consider that the curve8 of Fig. 3.4:l apply only for yields 
which are  between about 0.2 and 7.5 KT and for burial depths which are between 12 d 22 ft. We 
are unable to suggest procedures for computing doses for depths and yields outside this admittedly 
limited range. 

PROBLEM 7 

The yield and burial depth of an undergroundburst a r e  given and lie within the range d applic- 
ability of Fig. 3.4:1, namely 0.2 to 7.5 KT and 12 to 22 f t  underground. The initial gamma dose at 
a given receiver point is required. The distance a[ the receiver from ground zero and the average 
air  density are known. (For the purposes of underground burst calculations the source-receiver dis- 
tance will be taken as equal to the distance between ground zero and the receiver.) 

Solution - 
1. 

2. 

Example 

From Fig. 3.4:l read h / W  attheappropriateai:density andsource-receiverdistance& 

Multiply the value cd q / W  from step 1 by the bomb yield W to obtain the initial gamma 
dose 9.. 

I 

A 3 KT burst is detonated 15 ft underground. The Initial dose at a point 2000 yd from ground 

1. At 

2. Multiplying this value of I+/W by the yield W gives an initial gamma dose a[ 3.6 r. 

zero is required; the average air  density is known to be 0.93. 

of 0.93 and R of 2000 yd, Fig. 3.4:l gives a d u e  for 4/W of 1.2 r-KT-'. 
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PROBLEM a 

The yield and bum depth ol an underground burnt are given d lie within the range cd applic- 
ability d Fa. 3.4:l. The average air density is d s o  known. Find the range rlthin rhich a given 
initial gamma b e  rill be uperienced. 

Bolution 

1. Divide the given initial gamma dose by the given yleld to obtain Dy/W. 

2. From Fa. 3.41 at the appropriate value ol the average air density find at what distance 
the value of Dy/W determined in step 1 is given. This is the desired distance. 

Example 

A 3 KT bomb is detonated 15 ft underground. The average air density Ia 0.93. At lpfiat range 

1. The desired dose divided by the bomb yield is 1/S = 0.S3 r-gT-'. 

2. Fmm Fig. SA:l the distance at which D,,fU Is 0.33 is 2600 fi. This is the required dis- 
tance. 

will an initial gamma dose cd 1 r be experienced? 

Error - 
It is estimated that these methods, utea within the prescribed limits, shculd produce results 

good within a factor d two, provided the soil at the point c4 tmrst Is not too different from the moll at 
the Nevada test site. The e r ror  that would be introduced by a very different soil type is similar in 
origin, but not necessarily in magnitude, to the error that muld be expected from a distinctly differ- 
ent burial depth. At the present time the effect of soil type cannot be estimated. 

3.4.2 INTERMEDIATE AND HIGH YlELD WEAPONS 

As has already been noted, the only experimental underground bomb bursts reported to date 
have been in the low yield range, the 1.2 KT Jangle rhot and the 1.2 ILT Teapot shot. There is no 
information about intermediate and high yield underground bursts. An acceptable scaling relation for 
Initial gamma radiation dose would necessarily take into account: 

1. variatims in the gamma ray source with yield, 

2. varlatims in the gamma ray source with depth, and 

3. variations in the attenuatlng media with yield a d  depth, 

a. earth shielding, and 

b. hydrodynamic effect in two media. 

There are no data or calculations available from which this scaling relation might be deter- 
mined. It Ls not possible, therefore, at thlstime tomake anysound predictimsabouttheinitfal gamma 
dose from intermediate and high yield underground bursts. 

3.5 DELIWRY RATE 

The delivery rate at a point is the rate at which dose is received at the point. There are at 
least three general shapes of initial &omma radiation delivery rate curves, each characterMic of a 

I 
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Fig. 3 . 5 : l  Initial Gamma RadiationDelivery Rate for  Buster Easy, 32-KT meld, 1300-It 
Wlrst Height, 104U yd lrom Ground Zero. 

different situaiio& Fig. 3.5:l Is a delivery rate cu.Tcof an intermediate yield weapon, Buster Emy 
(32 KT, 1300 l t  burst height). 19 It shows a double>ump, something like two rounded stairsteps. The 
firsthump isdue tonitragencapture gamma radlation, the second to fission product gamma radlation. 
Fig. 3 . 5 2  is the delivery rate curve for the Jangle underground shot (1.2 KT, 17 f t  underground). 19 
It shows an early buildupand subsequent constancy during the period when the active material has just 
emerged from the ground, the fireball is expuldlng, and substantial amounts d earth material are 
falling away from the Bmrce and back to the ground. The subsequent fall-df in the curve appears to 
be controlled primarily by the decay rates d the fission products. Fig. 3.5:3 is a high yield dellverg 
ratecurve from Castle 4 (6.5 MT, surface burst). It la a twin-humped curvebeautifully illustrating 
the hydrodynamic effuct. The first hump is due to the nitrogen capture a m m a  radiation. The second 
hump tuilds up to iti maximum Just after the paasage d the shock wave and clearly depicts the tre- 
mendous mamniflcatirn d done caused by shock effects. Comparlson of Figs. 3.5:l and 3.5:3 Is 
profitable in that pnctically the only qualitative difference between them is the presence of the shock 
wave in the latter. The reader should not be misled by the vbual dimtortion Introduced Into Fig. 3.5:s 
by reason of the fact that I t  is plotted on a lcgarithmlc scale. To the eye tbe two humps appear about 
equal In area. U the same curve were plotted on a nondistorting linear scale, the first hump w d d  
be seen to have only abaut one percent the area d the second. e 
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Fig. 3 . W  WtlalGamma FtadlationDelivery Rate for  Jangle Underground, 1.1-ICT Yield, 
17-ft Underground, 500 pa from Ground Zero. 

A compact way of permitting intercomparism of delivery rates on another basis Is to show 
the fraction of the total dose which has been accumulated at any given time, i. e., integrate the de- 
livery rate curves a d  normalize them to one. This I s  done ln Fig. 3.5:4. 

Curve A la the dellvery rate for the Jangle u n d e r g r d  shot at a polnt 500 yd from grauul 
zero. It is believed that, barring eucbphenomena OB hydrodynamic effect, this curve shape la rep- 
resentative cd a very brcad range of undergr6und shots. It has the gradual a d  fairly uniform slope 
that can be expected for  a dose that depends entfrely on fission product decay. Changing the weapon 
yield or burtal depth mlght cause displacement cd the curve, but would probably effect no slgnificant 
difference in Its shape. 

Curves B and C are  representatlve ob low or lntermedinte yield air or  surface bursts. Curve B 
is baed on experimental data taken at 1040 yd from ground zero at Buclter Easy. It han two hump.. 
The early one corresponds to the nitrogen gamrnaa, and the later me corresponds to the fisslon prod- 
uct -mas. Curve C is an estimate d the situation that should prevail at diatances of 6000 yd or  
morefrom grovnd zero. At thosedistPnces onlythe nitrogengnmmar arelmportantandthedoseshould 
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Fig. 3 . W  InitW Gamma Radiation Delivery Rate for  Cantle 4 (Union), 8.5-MT Weld, 
Surface Burst, 4500 yci from Ground Zero. 

reach its maximum rapidly. The two curves form a bDnd whtch ought to comprehend, roughly, the 
curves characteristic d intermedlate distances. 

Curves D and E represent bLgh yield. They were measured at Cantle 4, 2390 and 4350 yd from 
ground zero, respectively. They display the hydrodynamic effect vlvldly. In Curve D most ab the 
dose arrives at about 4 see after the burst, for Curve E nt about 7 sec. These times correspond 
roughly to the arrival d the rarefactim phase d the shoct  wave at the receiver. In this seme the 
dose for  a high yield bomb may be emsidered to "travel" wlth the velocity of the shock wave. (&e 
Sectlon 3.2 .1  for 9 fuller diecusslm d the bydmdynamlc effect.) 

3 . 8  INfTIAL GMdMA RAY SPECPRUM 

Because the radlatim attenuatim prcperties d medk and (1 shielding materiolr and the sus- 
ceptibility of 11- orgzdsnu and instrument. to ndktim effect. ore all heavily dependent upon the 
energy dirtributim d the radlatim, Lnwledgs d the energy spectrum af initlal ~plnrmn radiation ir 
d Importance. The ndlatim spectrum obsrved at a particular receiver point will be different from a 



that observed at moat other receiver point. became the rrriolu energy canponenta OI the spectrum 
degrade dlfferenttdly in pnasing through an attenuating medium. &owledge cp the inlupl gamma 
radiation spectrum at the source twether with the existing knowledge al the qectnl d i e d  d the 
diilerentiplenergy scattering andobsorptlon c r m  s e ~ t l ~ ~  makes pmsible rea~onably good appmx- 
Lmations to the initial gamma ray energy npectrum at any point within about EO00 yd d the smrce. . 

3.8.1 INITUL CAMbU RAY SPECTRUM AT THE SOURCE 

Attempts were made at Operation Greenhouse to measure the inttid'gnmma radiation spec- 
trum.21922 while sutstpatlp1 fn~orznation - obtained, &ording new insight into early fission prod- 
uct decay processes, d i b n t i o n  and other difficulties prevent our relying h e a d y  m the measured 
apectrum. 

Recently, calculations of the initial gamma ray spectrum have been made by Borg and Ei.- 
huer.4 A npectrum at great interest for weapons eifecta may be Men to consist entirely d gammas 
from two soureea, namely fiaaton product decay and neutron capture ln atmospheric nitrogen. Infor- 

10-1 104 1 10 IO' 
Tiroe after h r a t ,  aec 

Fig. 3.5:4 Percent of Initial Gamma Dose AccumuLated as a hurcttoa (d 'Nme under 
Various Burst and Receiver Conditions. A. Jangle Wergmund (1.2 KT, 17 f t  under- 
ground, 500 yd from ground zero). B. Buster Easy (32 KT, I300 ft h m t  height, 1040 yd 
fromground zero). C. Estimated forlow andintermediate yield weapons, surface bursts, 
5000 yd from ground zero. D. Castle 4 (8. 5 bfT, surface burst, 2380 yd from ground 
zero). E. Castle 4 (6.5 MT, surface burst, 4500 yd from ground zero). 

mation about the fission product gamma rays hm been obtained from reactor measurements and from 
short-timeuranium irradiationexperlments. The spectrum of nitrogen capture gamma raga has been 
determined by X h e y  et al.23 (A third gamma source 16 the prompt radiation emitted during the 
fission process. Since only a relatively small fraction of the doae(-B percent in some representative 
caseslQ) is contrihted by the prompt -ma radiation, it is usually ignored in compariaon with the 
fission product and nitrogen capture gammas.) 

Some results of these calculations are  presented in Fig. 3.8:l for a representative lor-inter- 
mediate yield (less tbm 100 KT) fission weapon. In Fig. 3.8:1 the gnmma spectrum in npproximnted 
by the fraction of the totnl number d gammos nhich appear at each of several specific energies. It 
shows the composlte spectrum due to both fission product and nitrogen capture gammas at an equiv- 
alent point source cd rodintion io an Minlte homogeneous atmosphere. The relative contributimBof 
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Fig. 3.69 hitid Gamma Ray Spectrum at M Equident Point Scurce. 



fissionproduct andnitrogen cnpturegommps tothe compwitellptctrum are b e d  on smrce  strengths 
of 1.9 Mev d fission pmduct gamma per flsSiOn and 0.5 MeV d nitrogen capture gamma radiatim 
per fission. The spectrum @ e n  in Fig. 3 . 8 9  Is taken to nprelrent the averpge spectrum over the 
initial gamma period. Changes in the spectrum with time undoubtedly cccur, but OI necessity uley 
are  not treated in the present work. 

The model used in the calculations he several defects. It Ignores the spatial distritution of 
the fireball, the even broader spatial distribution af the nitrogen capture gamw ray source, and the 
change of quiescent air density with altitude. 

In addition, several weapon design parameters which affect the nitrogen capture gamma ray 
source strength and spectrum have teen approximated by an average d u e  characteristic d the c h s  
of weapons exploded at the various past teats. Such parameters include the umium-plutonium ratio, 
the ratio of non-flssion to fission captures iraide the weapon, and the n e u t m  tran8rnissim factor of 
the weapon casing. The additional complicatim involved in a more refined treatment do not, in cur 
opinion, justify the small increase in accuracy. 

Fig. 9.6:1 includes nocontribution tothe nitrogen capture source due to fusion neutrons. Thus 
this f igure  is specifically unsuited for we with thermonuclear weapon8. 

While it Is believed that Fig. 3.6:l represents the best Informatian at present avallahle on the 
subject, it should beemphasized thatthe irradiation experiments and the reactor work upon which the 
fissionproduct spectrumis hsedinvolve periodsd time considerably longer than the almoet instant- 
aneous irradiation period of a weapon. Thus, the spectrum cmtains certain component6 cd relatively 
long-lived fission products which a re  not wanted, and does not contain the very short-lived fission 
products which a re  wanted and which may contribute a substantial portion of the initial gunma. ray 
dose. Further work to measure the initinl spectrum directly 18 indicated. 

3.6.2 SPECTRAL VARIATION WITH DmA-XE 

It has been observedthat thespectral compositionof gamma mdiation changes as the radintion 
progresses through an attenuating medium. This change is due to the fact that different energy com- 
ponentsof thespectrum experiencedifferent degrees of abeorption and degradation in passing through 
absorbing and scattering material. 

Table 3 . 6 3  records 4nR' times the number flux of gammas 6, in energy ranges of 0 to 0. 75, 
0 .75  to 2, 2 to 4.5, 4.5  to 8, and 8 to 12 The values of 4nR'Cp are  given as a function d the 
number of mean free paths traversed from a point source of one gamma per second, with source 
energies of 0.5, 1, 3, 6, and 11 MeV. The product 4nR*$ is dimensionless. If the gamma energy at 
the source E,, is within b e  energy interval of interest at the receiver AEi, then the d u e  in Table 
3. 6:1 is 

I 

wherethe first and second terms within the bracket represent the unscattered and scattered gammas, 
respectively. If the gamma energy of the source is not in the energy interval af interest at the re- 
ceiver, then the value in Table 3 . 6 3  is 

(9.6:2) 

The single term d Eq. 3.62 represents scattered gammas only, since there can be no unscattered 
gammas at the receiver under these circumstances. 
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The terms used In Eq. 3.8:1 and 3.89 are defined an followa: 

R = distance from amrce to point where the gamma spectrum is desired 

=total [ecattered and unscattered) number flux af g a m s  within the chosen 

/+@ = total linear attenuation coefficient for gamma rays in standard denaity nirat  

energy range AEi and at the point of interest 

the chosen source energy E, (See Fig. 3.62) 

= average quiescent air  density 

AEi = chosen energy range 

I = energy flux per unlt energy i n t e r d  within AEf carried by scltteredgammas 
for  a samce d me gamma per second at energy E, - 

4nR' e I = differentid energy apectrum. 
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Fig. 3 . 6 2  Total Linear Attenuation Coefficient for Gamma Rays in Standard Density Air 
98 a Function of Gamma Energy. 

Thedifferential energyspectra have been calculated for a number of media.$ The values given 
in Table 3 . W  a re  based on differential energy spectra for water since corresponding results for air 
a re  not available. This does not introduce serious errors  because in the energy range in question 
water possesses gamma ray attenuation properties very closely resembling those cd the atmosphere. 

Table 3 . 6 3  is compiled directly from Fig. 3.6:l and presents, fo r  a typical fbsion weapon, 
the fraction of the total number of gammas at the source wlthin the seveerpl energy ranges specified 
in Table 3 . 6 3 .  

Fig. 3 . 6 3  is a plot of the total linear attenuation coefficient for gamma rays in lrtanclard den- 
sity a i r  h,, as  a function of energy. 24 The attenuation coefficient is expressed in units of reciproul 
cm. If Ft, the distance of a receiver point from the source, is expressed in cm, the number of mean 
free paths between the source and the receiver in standard density a i r  is simply ~ ~ $ 7 .  

Using Tables 3.6:1 aid 9 . 6 9  and Fig. 3 . 6 9  the gamma spectrum can be estimated at varIOue 
dlstvlt receiver points. The calculational methods a re  illustrated in the problems that follm. The 
spectml information obtained is of value in determining the effectiveness cd vxrious shteldtng materkls 
and thicknesses. 

It should be noted that the calculational methods which provide a m e m  d estimating the g a m  
energy dbtributim &o may be used to calculate a value of the total dose at the receiver. Such a 
calculation, while holding en+ promise to warrant investigation, is not recommended at the present 
time for routine dose determinatims became of the pmsible large errors  in the results a d  tbe 
amikbility d the alternative and experimentally bued methods (aee Bectims 3.2 Md 3.9). 



TABLE S.&2 

Fraction d the TOW Number cd Gammas at tk Sarrce 

Enem Rnnse Fnctton d Tow 
AE,, Mer Camnu  at Source 

0 to 0.75 0.670 

0.75 to 2 0.244 

2 to 4.5 0.052 

4.5 to a 0. m1 

a 

8 to 12 0.004 
m 

PROBLEM 9 

The distance between a gamma radiation source and a receiver is known. The intervening 
medium is air of lmown average density. The energy components of the LlOYrCe are known. Find the 
number ai mean free patha between source and receiver for each enelgg Component of the source. 

601ution - 
1. From Fig. 3.6:2 find 

2. Multiply each d u e  of &,found in step 1 by the source-receiver distance R(in cm) and by 
the average air denslty p. The product is the number of mean free paths for  each 
energy. 

for each energy component d the source. 

a 
The following conversion factors may prove helpful: 

1 yd = 91.4 cm 

1 f t  = 30.5 cm 

I 
Example 

A receiver is 2000 yd from a source cb gamma radlatlm. The intervening medium is air of 
average densttyp= 1.0. The source is compoeed OI gamma rays of energies 0.5, 1, 3, 6, and 10 
Mev. Find the number of mean free paths between source and receiver for each of the gamma ray 
energies. 

1. From Fig. 3.63 the d u e s  of at the several energies of Merest are  98 follows: 

Source 
Energy, Total Linear Attenuation 
MeV Coefficient 4, cm-' 

0.5 10. x 10- 

1 7.7 x lo-' 

9 4.9 x lo-' 

6 3.0  x lo-' 

10 2.5 x lo-' e 



Z. me aource-receiver dintame is 2000 ~II or 1.85 x 10' em UKI E -  1.0. The number d 
mean fm patha i. obtained, therefore, by multiplytrig the d u e  d rrt, listed above by e 1.85 x lo'. 

Bource 
Energy, Number of Mean 
MeV Free Pathm 

0.5 18. s 
1 14.1 

S ?. Q 
6 5.5 

10 4.6 

- 

PROBLEM 10 

The energy dlstributlon of a source of gamma radiation is known, as is the source-receiver 
distance. The intervening medium is air of known avernge quiescent air density. Find the energy 
distribution of the radWon at the receiver. 

SOLUTION 

1. Approdmate the m r c e  spectrum by breaking it up into a number d energy grcups. 

2. Assume that the several energy groups may be represented by single avemge energies. 
For each d theme energies compute the number of mean free patha between the nource and 
the receiver by the method al Pro&em Q. 

3. Byinte?polation inTable 3.6:1 findthe energydistributicn into each degraded energy grmp 
for each component of the approximate source. 

4. Weight the energy distrlbutim found in step 3 by the source spectrum of step 1. 

5. Sum the components in each degraded energy group. 

6. Normalize the spectrum by dividing each sum resulting in step 5 by the total af all such 
sums. The resulting spectrum w i l l  give the fraction al aU gammas in each energy group, 
and the sum over all energy groups wffl be equal to unity. 1 

Example 

Theenergy distributionof asource ofgamma radiation fs taken to be that given in Table 3.62. 
The source-receiver distance is 2000 yd and the intervening medium is air of average quiescent air 
density = 1.0. Find the energy distrlbutlon of the radiation at the receiver. 

1. The energy distribution from Table 3.62 is 

Energy Range 
AEl, MeV 

0 to 0.75 

0.15 to  2 

2 to 4.5 

4.5 to 8 

8 to 12 

Fraction of Total 
Gammas at Source 

0.670 

0.244 

0.052 

0.021 

0. OM 
1.000 
- 



! 

2. Each d the energy groupr listed above dl be reprwnted by tbe single energy wed In 
Problem 9. The numbem d mean free path. are liated below am calculated In Problem 9 
for these average energies, a same-receiver  dhhnce  d 2000 yd md = 1.0. 

Average 
Energy Range Enewy, 
AEi, MeV MeV 

0 to 0.75 0.5 

0.75 to 2 1 

2 to 4.5 3 

4.5 to 8 8 

8 to 12 10 
+ 

Number d 
Mean Free 
Pam 

18. s 
14.1 

1.9 

5.5 

4. E 

3. Interpolation in Table 3.8:l provides the following 

4 r d e  
Average Number of 
Energy, Mean Free Energy Range AEi, MeV 
MeV Patha 0 to 0.75 0.75 to 2 2to4 .5  4.5 to 8 8 to 12 

0.5 18.3 8.97 x 10'' 

1 14.1 1.80 x loqa E. 20 x lo-' 

3 7. 9- 1.27 x 2.11 x lo-!. -1.83 x loJ 
E 5.5 5. E8 x lo-' 9. E1 x lo'* 9.84 x 10'' 1.39 x lo-* 

10 4. E 5. BE x lo-* 9.61 x lo-' 9.21 x lo-* 9.10 x 10" 2.03 to lo-* 

4-5. Weighting the energy distribution found in step 3 by the source energy distrltution from 
step 1 andsumming thecomponents &ch degmdedenergy groupprovides the following: 

F (4nR'e) Average Fraction of 
Energy, Total Gammas Energy Range AEi, MeV 
MeV at Source, F 0 to 0.75 0.75 to 2 2 to 4.5 4.5 to 8 8 to 12 

0.5 0. E79 6.09 x lo-' 

3 0.052 6.60 x io-' 1.10 x 10-4 8.48 x io-' 
E 0.021 1.19 x io-' 2.02 x io-' Z:OI x 10-4 2.98 x io-' 

1 0.244 4.39x10-' 1.51x10-' 

10 0.004 2.34 x lo4 3.84 x lo-' 3. E8 x lo-' 3.64 x lo-' 
1.000 2.58 x lo-' 3.68 x lo-' S.29 x lo-' 3.28 x lo4 
- 8.12 x 10-5 

8.12 x lo-' 

a 

a 

p" 
8. Thetotpl ofall EumSfrOm tbeabove inergygroup. is 3.88 x lo-'; by dlvidin- the Mividu 

energy Eroup totals by 3. E8 x loJ we get the energy distribution at the receiver as s h m  
below. 
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Fraction of 
EnergyRange TotalCiamman 
AEi, MeV at Receiver 

0 to 0.75 0.701 

0.75 to 2 0.099 

2 to 4.5 0.089 

4.5 to 8 0.089 

8 to 12 0. oaa - 
1.000 

Fig. 3.6:3 presents both the gamma energy spectrum calculated above (receiver 2000 yd dis- 
tant from point source) and, for purpases of comparison, the correspondfng spectrum at the source 
given earlier in Table 3 . 8 3 .  

Error - 
It is notpossible tospeak abouterrors for this kind of calculation in precise numerical terms. 

It suffices tosay that the methods delineated are quite crude and approximate. The results are, how- 
ever, qualitatively correct, and sufficientlydefinitive forthe purposed making estimates d the rela- 
tive effectiveness d shielding structures infield situations. For workwhere more prectsiw is needed, 
reference should be made to thedetafled procedurem3 upon which Table 3.61 is b e d .  Lack of better 
information about the gamma source spectrum in large measure vltiatea any present refinements in 
the techniques of computing energy degradation. 

3. I MILITARY SHIELDING - - 
Gamma radiation incident upon a receiver from a given source can be reduced in only two 

1. by increasing the distance between source and receiver, and 

2. by hterposing absorbing materials between source and receiver. 

ways: 

Since, in general, the source-receiver distance is fixed, particularly for the initial radiations, it is 
really only through variation of the material shielding around the receiver that the dose can be con- 
trolled. 

To evaluate the shielding effectiveness of any given coniiguration of materials it is necessary 
to have some notion of the directions from which the radiation may arrive and of the shielding d u e s  
of the materials composing the structure. Because in traversing a medium such a6 air, gamma 
radiation can be scattered as well as absorbed, and because a scattering process can involve changes 
of direction as well as loss of energy, the radiation wi l l  not all travel dong the line of sight from the 
source to the receiver. A& the distance from the same to the receiver increases, an increasing 
fraction of the total radiation arrives at the receiver from directions other than the line of sight. 
While there have been no definitive measurements or calculations of the angular distribtion of radi- 
ation at a receiver in the neighborhood of a nuclear explosion, experience in similar problems indi- 
catesthat very substantial amounts of radiation may arrive at the receiver from dfrections markedly 
diiferent from the line of sight. 

Although there are 8ome circumstances in military operations where a simple line-of-sight 
shield can provide adequate personnel protection, the more common situatim requires all-around 
and top shielding and such protection should be provided wherever possible. 

No generalized treatment of the mflitary gamma shielding problem, either theoretically or 
experimentally based, can be presented at this time. The geometrical configuration of a Structure 
bears importantly on its shielding effectiveness; the geometry of most practical structures and d the 
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Fig. 3.6:3 Comparisonof the Initial Gamma R a y  Spectra at the Source and at a Receiver 
2000 yd from the Source. 

I 
topography m which they are located cannot be simply described in a mathematical sense. It is ex- 
tremely difficult, therefore, t o  compute the shielding effectiveness of a given structure with reason- 
able accuracy. The computational problem is compounded by the general lack of information on the 
distribution of the radiation at the receiver in intensity, energy, and angle. Generalizations based 
onexperimental measurementsare eqwllydifficult because the data are limited, are distributed over 
a variety of structunl types, and often lack internal consistency. 

Under these circumstances it is felt that at present the best way to determine the shielding 
effectiveness of a given configuration of materials is to estimate it from experimentally measured 
values for similar structures under similar conditions. 

To this end h e  most pertinent and comprehensive test results,25,26 notably from Teapot, are 
summarized below for various shelters, field fortifications, foxhoies, armored vehicles, and vehicle 
trenches. These results were obtained in real structures under conditions which approximated real 
military situations, but they should always be used with the understarding that they apply strictly to 
a particular situation aid will vary to an extent depending on the a c h d  situation of interest. Specific 
SOU types, burst heighta, and weapon characteristics may all be expected to have some effect on 
shielding effectiveness. 
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The results are conveniently presented in terms c4 the gamma dose tmnsmission factor T, 
definedas theratio of the dose measured h i d e  the shielding Structure to the dose measured outside. 
As the shielding effectiveness of a conflguratton goes up, the tmn(lmiSSi0n factor goes down. As noted 
above, the trammission factor for  a given configuration is not unique M depends on the conditions 
under which the doses are measured. Further, for  difierent structures the d u e  d the trammission 
factor may varywidely. &me structureswith thick earth covenprovide trannmlssion factors of IO-', 
which is virtually complete protection. The transmission factor at the bottom d foxholes may be u 
low a s  0.05, while armored vehicles may have avemge tranSmiSSlon factors =.high as 0.7. 

The transmission factors and related deacrlpttve information are presented in Tables 3.7:1 
through 3.R7 and F i p .  3. ?:1 rind 3. R2. Table 3 .W presents a descriptton of the several shelters 
tested at Teapot while Table 3.79 presents the corre.pondfng trPNlmissiW factors and line-of-sight 
thicknesses from the detector to the point of burst. Table 3.7:s presentn a description of the field 
fortiftcationstested for gamma shieldingat Teapot and Table 3.R4 lists the fortification trammission 
factors and line-&-sight thiclmerses. The tMsmission factors for 1-man, 2-man, and prone fox- 
holes resulting from measurements at several shots in the Ranger and Teapot series are  given in 
Table 3.7:5. These data are also plotted as a function of diatance from ground zero in Figs. 3. ?:l 
and 9.79. Finally, W e s  3.7:B and 3.7:7 present a limited number & transmission factor d u e s  
for armored vehicles and vehicle trenches, respectively. 

Some of the data presented a re  clearly queationable and where such discrepancies appear in 
Tables 3 . 7 9  and 3.7:4 (shelters and fortifications), they are indicated by an anterink. Since the fox- 
hole data a re  plotted in Figs. S. 7:l and 3. R2, the possible inconsistencies a re  best determined from 
the figures rather than from Table 3.7:5. 

Despite these questions several general results may be noted. For covered shelters or  fortt; 
fications the vertical variation of dose, at least between 20 and 50 in. from the structure floor, i s  of 
negligible importance. Horizontal variatton, on the other hand, may have a more pronounced effect. 
The very liplited data available indicate, for example, that moving close to the wall nearest ground 
zero from a central point within a structure-may reduce the transmtssion factor by a factor of three 
or four. At thepoint of emergence from the shelter the transmtssion factors will, of course, be cloae 
to or equal to one and therefore the Increase in the transmission factor between the interior and the 
entrance will be largest for  the most effectively shielded structures. This type of increase may be 
quite large; for  the shelters and fortifications tested at Teapot tt varied from less than 2 to more 
than 200. Thus, positton within the structure at the time of burst will have an important effect on the 
dose received. 

Afirst attempthas beenmade tocorrelate the foxhole tmn6mission factor data from Ranger28 
and Teapot25 in Figs. 3.7:1 and S.7:2. While questions can be raised about a substantid portion of 
the data, even from a single test shot, there appears to be enough consistency on the whole to justify 
such an attempt. Fig. 3. 7:l presents the spread of mlues of the tranBmlSSion factor M a function 
of distance from ground zero for Ranger Shots 2 thrmgh 5. All  four shots were made at the same 
locatton and with burst heights which varted between 1,000 and 1,500 ft. In most cases, sevenl  
readings were takenat eachdepth and thus t h e d u e s  presented may be taken to represent the average 
transmission factor at the depths indicated. Additional data were taken on 1-man Pnd prone foxholes 
and these data a re  reported in Table 3.7:5. They are  not, however, plotted in Fig. 3.7:l since the 
uncertaintyin the values ofthe transmission factors for  a single type of foxhole appears to be greater 
than the spread between types or, for that matter, the orientation of the foxhole to the burst point. 
Using these data, estimated boundary curves a re  drawn for the transmission factors at three depths. 
It should be noted that the bovaQry curves are all drawn decreasing monotonically with increasing 
distance from g r ~ ~ n d  zero, although the data for the lower two depths at 1, BOO yd seem to indicate a 
change in dope. It is conceivable that at distances and depths where the major dose component i s  
scattered, such a change In slope actually does occur; some of the Teapot data also suggest this 
posstbilitp. However, because ofthe m y  variables inmlved and kcause  of the ccmstderable scatter 
in the available data, this questton must be left open for further investigation. 

Fig. 3.79  presents the data from individual foxholes from Teapot W d s  11 and 12. The b u n t  
helgh,sfor shots11 and12 were300 and400 it, respectively, and thelocationa and soil characteristics 

I 



TABLE 3.73 

Descrlptlon ol melten 

OCE - The three OCE (Olllce, Chlel d Englneers) shellers (UK-3.8a. VK-3. ab. UK-3. 8c) arc Iden- 
I l d .  b u r d l ) .  IM-rocded. box-shaped stNCtUrea wlth walls ol rehlorccd Concrete (slde 
walls 19 m. thickf, end walls 15 In. thlck) and bcnm-supported steel mcds (1/2 In. thick). The 
structures are 8 It hlgh, 10 It wlde. and 21 It long. orlented with the long sldt laelng ground 
zero. All three structures am SO0 yd dlstant from ground mro. The prlnclpll dUlerencc be- 
tveen the s t r u c t u r n  ls the thlckness d the earth cover (1,4, and 8 lt). Each s t ruc tun  has a 
slngle entrance tunnel wlth one rtpn ansled turn. 

OCE-mplex - The slngb OCE-duplex shelter(UK-S.l)la basically slmthr tothc structures descrtbed 
above. R Is a two-mom, burled. box-shaped and f l a t - r d e d  cell with reinforced cmcretc 
A l a  (side Vnlb 19 In. thlck. end walls 15 In. thlck) and a beam-supported steel rod  (1/2 In. 
thick). The structure Ls Ill high, 8 It wide, and 19 It 1%. It Is posttlmed SO0 yd lrom grcund 
zero with lhe long stde Iaclng grcund zero. The earth cover Is 2 It thlck. There Is a Wlled 
entnnce  at each end d the struclure, one d them entrances hrvlng three rlghl turns and the 
other, seven. 

Navy Armco - T h e n  arc 110 Navy Armco structures, one at 500 yd (TP-F-3.6-a-1) and the other ai 
767 yd (UK-3.15) Imm ground zero, both above ground and long-slde-on to the bkrt. They arc 
haU-cylindrical, QuoMul-hut type structures made ol 1/8 In. and 1/18 In. thlck cor rqa ted  
steel. respectively. The s h e l t e n  are both 12 It hlgb at thc crown, 25 It wfdc, and 48 It long 
and are covered by an earth emtankmcnt which 1s approximately lht over tb. structure proper 
and then tapers dl to the normal ground level. The T P  slruclure Is covered wlth earth, wlth 
a verllcal thickness o13 I/2 It at the crown a d  Incrcaslng IO abut 15. 5 ft at the edges d the 
cyliider. The vertlcal thickness 01 the earth cover Is zero at the crown d the UK slmcture 
and Increases to about 12 I1 at the edge.. There 1. one entrance althe end 01 each 01 thc Armco 
slNCturc% 'a straight length ol corrugated steel eyhndrlcal p i p ,  approximately 12 It long and 
6 It in diameter. 

BuDocks - 'me BuDocks (Navy m r e a u  ol Yard. and Docks) shelter L. above ground, 1633 yd from 
ground zero, and side-on Lo the blast. It Is a box-shaped structure wlth a gabled rod. The 
walls and rocd are made d precast panels d reinforced concrete, 2 In. thlck. It Is 13 1/2 ft 
high at the peak. 22 ft  wide, and 48 It long. The entrance Is at the end of the sheller and 18 

Iltted with a blast door. There la no earth cover on top or aides. 

Instrument Shelters -There ire live instrument shelters (3.28). 3 . 2 8 ~ .  3.28h. 3.281. 3 . 2 8 ~ )  posl- 
limed from 333 to 2200 yd from the polnt ol burst. They are  all box-shaped structures with 
f l i t  roofs. The walls and r o d s  arc made 01 retnlorced concrete. Some of the Inslrument 
shelters were scml-htrled (3.281 and 3 . 2 8 ~ )  whllc the o t h e n  were above ground. None ob 
them has earth covcrlng on the rod but they all have earth embulkmenu piled up at lhe skies. 
The dimensions ol the .hellers vary, 3.281 belng 7 I/2 It high, 8 11 wide. and 29 1 /2  It long; 
3 . 2 8 ~  being 7 1/2 It high, 8 It wlde, and 15 l / 2  11 long; 3.28e. 3.281, and 3.28h all belng 7 1/2 I t  
high. 8 It wide and 17 I t  Ions. Slmllarly, the thickness d the concrete walls d m o l n r l c s .  
3.28, havlng walls and r w l  2 1/2 It thick; 3.281 havlng walls and roo1 1 1/2 It thlck; 3.28e and 
3.281 having wall6 and rod 10 In. thlek; and 3.28h having wlls and rwl 8 in. thick. The cn- 
trance arrangements also vary, two 01 lhe shelter. (3.281 and 3 . 2 8 ~ )  having two steel hatches 
(2 1/2 It square) In the rod while the olhers have a door In the wall farthest lrom ground zero 
and a cut in the emhnkment at that wall. 

I 

( I )  For present purposes s h e l t e n  and forliflcatlons wUl be classified as buried (thoac completely be- 
low the n o r d  ground level), semi-buried (those partly below normal groundlevel), and above- 
ground (tho.; completely above normal ground level). Wnlle the buried structures a re  usual ly  
romplclely surrounded by earth on sides and top, seml-hr led and abvegrourd SlNCtUrCS m y  
or may nu be earth-covered. 





V 

TABLE 9.1:3 

Descrlptton of Fortillcallons 

A-1, A-2. A 4  -The A-type lortillcations are semi-burled, T-shaperl machlne gun emphcementm. 
appro*lmately 8 It high, wlth the bar al the T 21 ft long and I It wlde and the stem I It long and 
I It wlde. They are located 393. 983, and 481 yd from ground zero. respectively. m e r e  IS an 
q x n c n t n n c c  ateach end ol the bar a d  the end Of the rtem conlalns the machine gun port. The 
stem d the T faces away from the burst polnt. The earth Cover Is 5 11 thlck and the mol and 
walls d the fortiilcatlon are d timber. 

8-1. B-2. B-3 -The 8-type IOrtiltclllona arc buried, box-shaped StNCtures, I It hlgh. 8 ft wlde. and 
12 It Long. They are made ln two 8 It by 6 It sections and a re  located at 333, 383, and 4 6 1  yd 
from ground zero. There is a #Ingle entrance whlch makes M e  right turn before reachlng the 
surface. The E 9  structure Is Identical to the 8 - 1  and 8-2 s l N c h r e s  except that the entrance 
d the outer 8 ft by (I 11 sectlon is equipped with a blast door and the inner sectlon Is made into 
a CBR (Chemical. Blologiul. Radiological) aheltcr by h l n g  the walls with dlffuslon b a r d .  
The earth cover Is 5 It thick and the md yd walls d lhe 1oRUIcatlon a r e  timber. I h e  long 
side of the StNcture laces the burst point and the entrance to the structure is on Uut side. 

G-3 - The G-3 fnnilicatlon is the same as the B type d c e p t  that logs a n  used for the rod a d  w d s  
instead of cut tlmber. It Is posittoned at 467 yd Imm ground zero. 

D-2 -The 0 - 2  1orlUIcatlOn Is a burred. box-shaped bunker. 9 It high, 11 It wlde and 20 It long. It Is 
poslttoned wlth lhc long slde Iaclng the hrst point and has an enlrance at each end. each 01 
which make. two rlghl Iurna before reachlng the surface. The walls and rool are ol timber. 
the earth cover Is 5 ft, and the structure Is 383 yd from ground zero. 

H-3 -The R-3  1orlUlcallon Is a aeml-hrled. upright cyllnder capped wlth a prelabrlcatedplyvood 
dome. The cylindrlcd portlon of the lonlllcatlon 1s approximately 3 It high and 8 It In dlam- 
eter. The dome Is 9 ft In dlameter and haaan8Ln. high by 2 I1 long gun port facing away from 
the burst poml. The entrance to the lortiiicatlon IS a short tunnel, with one right turn, and Is 
on the side closest to the bunt point. The walls of the structure arc ol timber and the earth 
cover Is approximately 3 It at the top ol the dome. 

1-3 - The 1-3 fortiilcatlon Is an 8 I t  length ol 411 dumeter  corrugated steel plpc hvrted m the ground 
with theaxis ol the pipe alde-on to lhe burs1 point. An open trench a1 one end ol the p i p  serves 
as the single entranceway and thls end Is  covered with the wooden wall and door. The earth 
cover Is approximately 4 It thick above Ihe top ol lhc p i p .  
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TABLE 3. 7:6 

Trrnsmlssion Factors for Armored  vehicle^^^ 
(1) Vehicle Transmission Factor within Vehicle . 

HLnfmum M d m u m  ~veragd - 
MI8 Tank, B O - m m  Gun 0.04 0.18 0.1 

A N 4 1 5 9  Perunnal Carrier 0.48 1.0 0.7  

TU7 Self-Propelled 0.31 1.0 0.6 
155-mm Gun 

(I) These transmis6ion factors were memured at Teapot Shota 1 (1 .2-  
KT yield, 762 It turst altitude), 4 (43-KT, 500 It), 5 (3.6-KT. 300 ft). 
8 (15-KT. 500 fi). and 12 (24-KT. 400 It). 

TABLE 3. 7 3  

Transmission Factor6 for Vehicle Trenches (Teapot, Shot 12) 25 

Distance of Trench from 
Ground Zero, Yd - Inside Trench 

Tranamlssion Factor 

100 0.6 

no0 0.2 

for  the two bursts were not the same. In some cases these data represent single readings at a given 
depth while in others several readings were averaged. With few exceptions and these only at 2,000 
yd from ground zero the Shot 12 data fall into a consistent pattern. The curves d r a m  are  Wed 
primarily on the results of Shot 12. The Shot 11 results have considerably less i n t e d  cwis tency  
and also tend to be above the corresponding Shot 12 results. Differences in soil type for the two 
locations may be partly responsible for the differences between shots 11 and 12 but no explanation is 
offered for the poor internal consistency of 6hot 11. 

The vertical parintion of the transmission factor within the foxholes is, 98 expected, larger 
than that within covered shelters and fortificatlans. Thus, the trammission factor may decrease by 
as  much a s  a factor of 10 in going from 10 to 50 in. below the ground surIace. Conversely, the hor- 
izontal vnrintion of the tnnsmission factor is much less than that in underground shelters, because 
of the relatively small size and open construction of the foxhole. The lowest tran8mission factor at 
a given depth will, however, still be next to the face or faces of the foxhole closest to ground zero. 

Despite the discrepancies and uncertnintles of the foxhole data it is recommended that for the 
present Figs. 3 . V  and 3 . 1 9  be uaed to estimate transmission factors for air bur- with burst 
heights d 1,000 to 1,500 11 and 300 to 500 f t ,  respectively. Interpolation or  extrapolation to other 
burst altitudes maybe made tared on these figures but always with an appreciatlcm of the Inaccuraciea 
In the origlnal resulte. 

To arsist in  thoae cases where it in not possible to find a tested structure or fortification 
sufficiently rimilar to the device h o s e  shielding characteristics are desired, a simple and rough 
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TABLE 3.7:8 

T r w m l M l m  Factorl for Standard Thicknelael d F l n  Common Wleidtng 

Matcrlda PI a Functton d Gamma Ray Energy 

T m m l s s i o n  Factor 
Gamma Ray Energy, Mev 

standard 
Matertal lnicknem - 0.5 1 2 3 4 5 6 

Water 1 n 0.37 0.36 0.38 0.45 0.50 0.53 0.54 0.56 
- - - - - -  

Iron I La. 0.45 0.54 0.m 0.65 0.85 0.6s 0.m 0.63 

Concrete 1 It 0.089 0.083 0.091 0.15 0.19 0.22 0.23 0.25 

Lead 1 in. 0.001 0.085 0.27 0.44 0.44 0.39 0.36 0.39 

Sand 1 ft  0.061 0.068 0.099 0.14 0.15 0.15 0.15 0.15 

calculationalprocedure is possible. For thispurpose wemay definean approximateform ofthe trans- 
mission factor 

-wtx 
T = e  (3.73) e 

where, for a glven material, wt is the total linear attenuation COeffICfent and x Is the thlckness 

If we choose some sturdprd thickness of materlalxs and determine the corresponding value of 
the transmission factor Tea, then any other thickness3d this material will yield a transmission 
factor 

(3.79) 

Similarly, I! several different materials compose the shield, then the combined transmission 
factor w i l l  be 

(3.7:3) 

Eqs. 3.7:2 and 3.7:3 demonstrate a very important rule applicable to approximate shielding 
calculations, namely that when several different materials o r  thichesses d the same material are 
added together in a shield, the composite transmission factor is equal to the product of the trans- 
mission factors Oi the individual layers. Hence, the transmissim factor for two layers of equal 
thickness of a given material is the square of the transmission factor for  a single layer. 

Table 3.73 presents the transmissionfactor Tea (as afunction of gammaenergy) for arbitrarily 
selected standard thicheasea of the five most common shielding materllls. Using Eq. 3.7:3 and the 
values of Ten glven in Table 3. ?:a, the composite transmlssion factors can be roughly estimated for 
structures made up of the materials listed and f o r  gammas of a known energy and energy dlstribution. 

The values d Tea glven in Table 3.7:s indlcate that the materials listed are most effective 
against the lower energy (say below 0.5 MeV) gamma ray% Further, in the gamma energy range of 
interest the shielding effectiveness d most materials decreases wlth hcreaslng gamma energy, 
reaches a mlnimum value, and then slowly increases. (This is not true of materials of low atomic 
weight where the shlelding effectiveness decreases continuously with energy in this range.) For many 
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important gamma shielding materials the trparml6aion factor does not vnry appreciably within the 
range of interest (say 0 to 15 MeV) above about 3 MeV. Since there are relatively few fissicm gammas 
above about 4 MeV, an average value of 3 or4 MeV i. oftenused for approximate shielding calculations 
in the absence of detailed spectral tutormation. Thia choice is usually EoMerPntive. 

PROBLEM 11 

A radiation shelter has uniform 8 t ~ c t u r a l  compocliuon on all midas and 00 top. Us materbl 
composition is known together with the thickness of each component. It is exposed to n d k t i m  of 
known energy distribution. Find the average gamma m y  trprumission factor available within the 
shelter. 

SOLUTION 

1. 

2. 

3. 

4. 

5. 

8. 

Divide the thickness of each component material x, by the stMdnrd thicknesses 5 M given 
In Table 3 . W .  

From Table3.W read thestandard thicknesstransmission factor Tee appropriate to each 
material and at each energy which is present in the spectral distrihltion. 

For a given energy and material take the standard thickness trPMmission factor Tes pod 
raise it tothe I/?S powerwhere 4.8 is the number of standard thicknesses for this mate- 
rial as found in step 1. This is now the trulemisrricm factor Tc, for the actual thickness 
of the given material. 

Repeat step 3 at the Same energy for all other materlale in the shield to obtain Te,, Te,, 
etc. 

Multiply together all the values ofJe,, T,, T,,, etc., fwd in steps 3 and 4 to obtain 
the over-all gamma ray transmission factor for the structure at the given Te(i,z,a. . . .) 

m e w .  
Repeat steps 3, 4, and 5 for each other energy. The resulting numbers comprise a set of 
energy-dependent gamma transmission factors. These factors are weighted by the k n m  
gamma energy distribution to obtain the over-all transmission factor for the structure. 

In general, instead of do% the computation in such debil, it wffl be done for only a slngle 
energy characteristic of the entire gamma energy spectrum. The energy-dependent set of trans- 
mission factors is  not useful unless the radiation energy distribution is known. Such Information will 
not generally be amilable, although it can be calculated approximately by the methods d Section 3.6. 

Example 

I 

The walls and ceiling of a shieldlng structure a re  made of 2 In. of imn and 8 in. of sand. The 
gamma energy distribution is not known and a 3 MeV average energy is assumed in the abence of the 
spectral Mormation. Find the gamma ray transmission factor of the structure. 

1. 

2. 

3. 

4. 

5. 

From Table 3.7:8 thestandard thicknessesof ironand sand are 1 in. and 1 ft, respectively. 
Thus, the structure is made up of two standard thicknesses of iron and one-half stvdard 
thickness of sand. 

From Table 3. '/:E the tnnsmission factors for standard thicknesses of inn and sand at 
3 Mev a re  0.65 and 0.15, respectively. 

The gamma r a y  tran8mission factor for  &MeV gammas and two standard thicknesses of 
iron is (0.65)' = 0.42. 

The transmission factor for  3-Mev gammas and one-half standard thickness of sand is 
(0.15)'/' = 0.39. 

The transmission factor for the shelter is then (0.42) (0.39) = 0.16 when the gamma rays 
a re  vlsumed to be 3 MeV. 
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Chapter 4 

NEUTRON FlADlA'IlON 

4.1 INTRODUCTION 

Neutron radiation is emitted at the time of a nuclear explosion and adds to the &pmma rndiatlon 
dose discussed In Chapter 3, although it is usually s d e r  in magnitude. Neutron radiation Ls most 
important at  short distances from the point of burst, when the burst is at high altitude, or when the 
weapon has a very thin casing. Under these circumstances, or combinations of such circumstances, 
the neutron dose may exceed the gamma dose. 

Experimental data on neutron radiation were much less complete than on gamma radiation be- 
fore the Teapot (1955) series of test bursts. The work of Harris1 on the Teapot series, however, b 
considerably improved the situation and present results can now, with 6ome reservations, be Inter- 
preted In terms of basic phenomenological theory which is well understood. 

Section 4.2 presents a discussion of the mechanisms of neutron generation. Section 4.3 de- 
scribes the experimental methods, both physical and biological, used for measuring neutron radianon 
effects and then presents a summary of the most significant experimental results. Section 4.4 derives 
the total flux-distance relations for neutrons for the most important situations and describes the scaling 
of these relations for various conditions. Some of this material is nearly the same as that given In 
Chapter 3. The major limitations of these relations a re  also discussed. in Section 4.5 dose-diStulCe 
relations a re  provided for the prediction of totd neutron dosage in most operational situations. It 
should be noted that the accuracy and scope of such predictions are limited by the Inadquacy of the 
ewerimental methods and the incompleteness of the theory. Moreover, experimental measurements 
do not yield consistentresultsfor all types of bursts and burstenvironments. Section 4.6 discussesthe 
relative importance of neutron radiation a8 compared to the other mechanisms of bomb damage. Sec- 
tions 4. ? and 4.8 provide limited information on the neutron energy spectra and delivery rates, re- 
spectively. Finally, Section 4. B presents information on military shielding against neutrons. In this 
area currentdeficiencies ofquantitative Wormation are perhaps even greater than in the dose-distance 
relationships. 

Throughout this treatment of neutron radiation the approach taken is to attempt to correlate, 
empirically, experimental results with simple theoretical calculations, rather than to attack the prob- 
lem from the point of view of fundamental theory. 

4.2 THEORY OF NEUTRON GENERATION 

4.2.1 INFLUENCE OF WEAPON DESlGN 

I 

Neutron generation characteristics, specifically the neutron source strength and energy distri- 
bution, are controlled primarily by the weapon design. Three separate effects are Involved. 



1 1. 

2. 

The number of neutrons producedper KT and the Initialenergy spectrum dependon whether 
fusion or fission is the production process. 

The number of neutrons absorbed by non-fission processes within the weapon is dependent 
on its design and construction. This d 
ratio a, is not strong. The value of 
which have thus fax been tested, most values clustering well within these ltmits. 

3. rhe neutrone which are not captured in the weapon components wil l  be degraded in energg 
in penetrating the weapon casing, especially when the latter contains hydrogenous material 
(such as high explosive). Asymmetries in the construction of the weapon w i l l  result in 
asymmetries in the flux or dose-distance relatione. 

The diSCUSSIOn Of neutron generation which follows is therefore based on the classification of 
weapons a s  fission, boosted fission, and fusion. 

4.2 .2  FISSION WEAPONS 

Neutrons are released from the weapon wre aa a result of the nudear fission rBaction, w h i q  
occurs during the explosion of a fission weapon. Their number Ls given by 1.3 x Id' (v-1-al W where 
1.3 x Id' is the number of fissions per klloton, Y is the average number of neutrons per fission 
(V = 2 . 5  for U*u, 2.95 for Pu"'), 0 is the ratio of the number of nonfission neutron captures in the 
weapon components (including the fissionable material) tothe number of fission captures, and W la the 
fission weapon yield in KT. 

/ Values of (I have been calculated by Wik2> considering captures in the weapon core only and 
ignoringthose ocurring in the high explosive shell. (High explosive is composed primarily of nitrogen 
and hydrogen; captures in the explos ve UT redominantly in the nitrogen.) In the one speclfic case 
in which Malik makes aq estimate 1 o L  the neutrons born are captured in the hi@ 

is much longer than the time requtred for the expansion of 
the weapon to a negligible density. Thus, most of the neutrons that enter the high explosive get through 
it  without being captured. 

The explosive may be very effective, however, in degrading neutrons in energy because of the 
large energy losses involved in collision with its hydrogen constituent. In BOme of the older weapon. 
w i t h  very thick high explonive shell most of the neutrons were prcbably slowed 
down all the way to velocities and e n a o f  bomb thermal temperature(approximate1y 
1 kev in energy). Bomb thermal temperature may be loosely defined 98 the temperature of the weapon 
components at a time just after completion of the nuclear reaction. The components havethen expanded 
just enough so that the weapon reactivity has dropped below critical. The weapon diameter has approx- 
imately doubled in size by this time. 

In the newer type weapon- the hi@ explosive shell is much thinner and therefore 
less effective in degrading neutrons in energy, A substantial fraction of neutrons now appear outside 
the weapon at nearly fission neutron energies. 

In a gun-type weapon high explosive islacking exceptat the weapon ends. Fast neutrons escape 
most easily in the direction in which no high explosive is present. Thus, there wcur asymmetries in 
the dose-distance r 

J 

losive. This is because the mean lifetime of the neutron in normal denaity high e x p l o e i v ~  

The number of fast neutrons emerging from the weapon is, therefore, a rather strong function 
of weapon type. The total number of neutrons emerging from a weapon with a Riven fission yield, 
however, is less sensitive, depending only on a, which varie 

-The few captures in the high explosive are i g n o r 3  - 

I 



4.2.3 BOOSTED FISSION WEAPONS 

Boosted fission weapons are usually merely u n k t e d  fission weapons to which a very small 
amount of deuterium has been added. The direct fwion yield from this deuterium Ir very small com- 
pared to the fission yield. About half of the fusion neutrons are very energetic 64 MeV2 however, and 
they augment thefission yield appreciably by causing additional fissions to occur. hrsion neutrons are’ 
especially effective in c a u s t n g f i s ~ i o n ~ ’ ~  in U”’. The fission threshold energy for Uzu is about 1 .5  Mev 
and for this reason neutrons resulting from the fission process are quite ineffective in initiatingfission 
i n  P. 

The same general constderations discwsed under ftssion weapons apply to the generation of 
neutrons in boosted fission weapons. The difference between thefiasim and boosted fisston weapons of 
the same design is only that the yield of the boosted weapon may be apprectably higher and Uut the 
neutron spectrum may be very slighUy higher, due to the presence of the relattvely small number of 

Cl4-Mev fusion neutrons2 

4.2.4 THERMONUCLEAR WEAPONS 
c 

neutron energy spectrum for thermonuclear weapons wi l l  be higher than for fission or boosted fission 
weapons. Due to reasons of security classification, details concerning the design and construction of 
thermonuclear weapons are unavailable and thereforeno discussion of the neutron attenuationprocesses 
within the weapon is possible here. 

4.3 EXPERIMENTAL METHODS AND RESUETS 

The physical quantities of interest required to establish an understanding of neutron radiation 
effects include the total flux, the neutron energy spectra, the dose (in rep), and the delivery rate. The 
biological quantities of importance are the dose (in rem) for the specific biological effects of interest 
and the corresponding RBE. There are as yet no completely satisfactory methods of measuring any of 
these quantities and there are large ga7s and inconsistencies tn the available experimental data. It is 
of value, nevertheless, to describe the current ewerimental methods. The short summary which 
follows is intended lo illustrate in broad outline these methods and the approximations and weaknesses 
inherent in  much of the experimental data. It is not intended to be a textual introduction to the field of 
instrumentation for the study of neutron radiation. 

Following the description of the methods of measurement, the most pertinent and reasonable of 
the experimental results are presented. This discussion leans heavily upon the Teapot test results of 
Harris’ for fission and boosted fission weapons. The data for thermonucleas weapons are much less 
satisfactory. 

4.3.1 PHYSICAL EXPERIMENTAL METHODS 

I 

Measurements of neutron flux and spectra have been performed primarily by activation detec- 
tors. These detectors depend on the conversion of certain elements into radioactive species a s  a 
result of neutron capture. Activation detectors are usually made in the form of thin foils or wafers 
and in this form are nearly isotropic in sensitivity to neutron direction. Neutrons which have a high 
energy at the source (relative to the particular detector) may, therefore, suffer one or more Collisions 
in transit (wi th  associated energy loss and change of direction) and still be detected, along With those 
neutrons that remain unscattered. If the value of the unscattered flux is desired separately, i t  Can be 
obtained by the use of neutron-collimating systems in conjunction with the detector. In the absence of 
such collimating devices, activation detectors measure total flux (scattered and unscattered) in a spe- 
cific energy range which depends on the detector. 



Other devIces have been uaed for neutron measurements with Wyine success, such as ioniu- 
tion chambers, fission fragment cameraa, and germanium detectors. 

Threshold Activation Detectors 

An important clans of activation detectors is known as threshold detectors. These detectors 
depend on a neutron reaction which will not occur except with neutrons above a specific non-zero 
energy. For threshold detectors the number of active atoms formed at the time of the bamb burst, 
therefore, is proportional only to that part of the neutron flux that is above the threshold energy. At 
later times the number of active atoms decreases at the rate characteristic of the particular reaction 
product. For Irradiath times short compued to the mean life of the reaction product and Ior de- 
tectors smallenough to amid depression of the neutron flux the totalnumber of active atoms in athres- 
hold detector at time after burst t is 

r 
I 

(4.3:l) 

where 

Ad 
E( E) = macroscopic activation cross section 

$(E) = neutron flux per unit energy to which the detector w a s  ewosed 

v = volume of detector 

E = neutron energy 

It is usually assumed that the activation cross ceotion risee sharply at the threshold to some 

= decay constant for the activated reaction product 

value and remafns conitant at  this value above the threshold energy. Thua 

C(E) = C for E > Em 

C(E) = 0 for E < Em 

where 
= threshold energy Ethr 

Z = macroscoplc cross section ahove the threshold energy 

The total neutron flux + above the threshold is then 

A t  d 
g =- Ne 

vc 

where 

(4.3:2) 

I 

J The activity or rate of decay is related to the number of active atoms by the decay constant 

110 
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dN 
dt A = - = kdN (4.9:4) 

< 

and therefore 

'd' 
e = -  

'dye 
A e  

I ' . ( 4 . 9 3  

To determine the activity A the detector is placed in a predetermined posltion with respect to a 
conventional counting device. In many cases the detector Is placed within the counter to avoid radiation 
losses in penetratingthe counter window. Slnce the countbig device L8 usually not 100 percentefflclent, 
i t  measures a quantity 4 which is only a fraction of the detector activity A. Calibration of the de- 
tector-counter system is therefore required. This is performed by exposing an identical detector to 
an artificially produced neutronflux ofknown magnitude whose energy spectrumis as close as possible 
to that of the bomb ed for mi. purpose to simulate bomb 
fission neutrons. To high energy particle accelerator is 
used to bombard a sulloble target.) 

decay constant 
Further adjustments in the calculation mllst be made in some situations, for example when the 

is so large that me activity willchange appreciably during the time of measurement. 

The most commonly u e d  threshold detectors are discused individually below and arelisted in ' 

Table 4 . 3 : l  together with the threshold energy and the nuclear reaction involved. 

The mostrelhble of the threshold detectors i n g a t  experimenlnl tests ha# been sulphur(9 Mev 
threshold).'?8 Fission threshold detectors have only recently proven successful for detection of neutron 
radiation of intermediate energies!~'~ Early resulta showed nther pmr cmeiatency?~10 ha', when 
shielded against thermal neutrons by 2 cm of boron, measures theGutron flux above about 4 kev 
The effective threshold c be varied somewhat by changing the thickness of the boron absorber. NP" 
has a threshold at aboud$O kev and UZu has a threshold at about 1 .5  M e 9  (Using U'" detectora, one 
mustcarefully avoid contamination of the v'" by Uzy. )A complication resulting fromthe use of fission 
threshold detectors is brought about by the formation of many Wferent sctive fission products, each 
of which follows its own exponential decay rate. The gross fission products decay at  an over-all rate 
which is thenthesum of a number of exponential#. Procedures for fhslon threshold detectors must be 
modified accordingly. This may be done by replacing the exponential in m. 4. 9:5 by mother Ume- 
dependent function determined experimentally from gross fission product decay. Alternatively one 
might measure the activity of tw similm detectors, one exposed to the known flux used for calibration 
and the other exposed to the unknown flux, at e q d  times after exposure. (The energy spectra of the 
two f l u e s  should be closely similar. ) Tbe unknown flux would then be simply 

? 

where 
= total know neutron flux used for calibration @k 

Acu(t) = activity of detector exposed to unknown flux an measured by counter at  time t 

Ack(t) = activity ofdetector exposedto knom calibration flux as measured by counter attime t 

Such a procedure is, 9f courae, also applicable to nuclear reactions where the product follows the 
exponential decay law.  



r TABLE 4.31 

Characteristics of Neutron Threshold Detectors 

(1) Detector Threshold Energy Reaction 

,P~ 'J '  + ,n' - ~ission products*(') + prompt neutrons 

Fiasim Products* - Fission products + delayed neutrona 

(21 PU'U 4 Lev 

+ beta and gamma radiation 

Np"' 750 kev nrNp2Jr + ,n' - Same p8 above 

U'S 1 . 5  Mer ,&I"@ + ,nl - same an above 

s= MeV ,,s" + ,n' - 1 1 ~ " *  + 'pi 

l'P"* 11.9# + 

Q. 5 MeV SSP + nni - Ja@* + 2,n' 

,,I"@* l J u x e ' "  + 
p r r  

A& 10.5 MeV r r ~ "  + ,a' - r ~ " *  + z,nl 

---use" + -1s (538) 
17.5 days 
1 trGer4 + (47% 

~ 

Symbols used are (neutron), (proton), -# (electronJ, and +,SO (positron). 

('' PuZ3' shielded by 2 cm of boron has a threshold energy of approximately 4 Lev. 

('' The i s  used to indtcate that the atom o r  atom6 are in an unstable state. 

I, 
Zfrconium haa proven particularly ueeful for menauring the& of 14-Mev fusion neutroJby 

2n) reaction which has a 12.5 M e 3 e s h o l d .  @ c h  (n, I n )  renctioniusually suffer 
from a ( y ,  n) reaction which yields the same activated product. This can be compen- 

sated for by exposing both whielded and lead-shielded zirconium detectors. There are other com- 
peting reactions. to eliminate them, advantage may he taken of the characteristic positron emission of 
the zirconium6 2n) reactlo* using a coincidence spectrometer, which registers only positron.. 

and suffer from ( y ,  n) competition. They have been successfully used, however, for Instance at  Tum- 
Arsenic (10.5 Mev threshold) and iodine (9.5 Mev threshold) also depend on &, 2n) reaction-t 

bler -Snapper. 5 

Other Activation Detectors 

Not a l l  activatlon detectors are threshold detectors. Certain activation detectors are used to 
determine the neutron ffux below a given energy (the cutoff energy). These detector& are usually ex- 
posed to the neutron flux in pairs, one detector b y e  and the other shielded by a material with a sharp 

I 



neutron e roa~-~ec t lon  n-ce to define the cutoff energy. These nuterU are opaque to neutron. 
with energtee below the reMmPIlce but hariaparent to those with energtea a b v e  the resonance. (The 
high cross-section materials commonly used lor this purpose are cadmium and indlum.) 

The number of active atom6 in the bare and shielded detectors at tlme t after urposure to a r short duration neutron flux sue 7 

where 
Nb 
Ne = total number of active atoms formed in the shielded detector 

EC = cutoffenergy 

= total number of active atoms formed in the bare detector 

a proper average value of the cross section Z IS known for the energy region below E,, then 
* the total Oux in thls region Is 

Xd vc 
(4. 38) 

where I 
A,, = actlvity of the bare detector 

As = activity of the shielded detector -J I - 
More often the correct average cross section is oot known and 11 Is necessary to assume a value from 
which a corresponding value of the flux Is calculated. 

The activation detector of this type which is of most interest and which has the best reliabIllty 
is gold, used with and without cadmium shlelding. The gold-cadmium detectors are used to measure 
thermal neutrons; the average value of the gold cross sections usually being taken as the thermalcross 
sec tion. 

Deficiencies of Activation Detectors 

The several deficlmcler of activatlon detectors are listed below. Not all of these deficiencies 

1. The actlveirotope may be produced by competing reactions which obscure the neutron cap- 
ture reaction. 

2. The lifetime of the radioactive products may be quite short. Gold with a 2. 'I-day half ltfe 
may be taken a~ a partlcular ezample. 

apply to every type of detector, however. 



S. Activxtlon detectors usually employ isotopes wilh clou sectlmu~ which are rather compli- 
cated functions of energy. Since the flux is usually calculated ty assuming the cross sec- 
tion is constant over some well-deflned energy rings and zero elsewhere, the result is 
inherently inaccurate to some degree. 

Previous to the Teapot teat series, s u 4 h u r L v . e  3 MeV) and gold ( t h e r d d e t e c t o r s  werethe 
most reliable of the activation detectors. These detectors completely miss, however, the energy 
region of greatest biolo%cal interesf which lies at  about&Mev. The Teapot tests1 (low yield weapons) 
successfully utilized the fission threshold de t ec to r3  cover this energy gap. Fission detector data on 
higb yield weaponse~ lo are in a much less satisfactory state. 

t 

Other Detector Types 

In addinon to activation detectors, attempt# have been made to utlltze several other devices to 
detect weapon neutrons. Ionization chambersland germanium detectors have been tried, but thus far 
without yieldingfully satisfactory results. Ionization chambers can be male roughly t i s sue-quidene  
they would, in principle, then meilllure the dome directly in rep. One dinadvantage of ionization cham- 
bers is that they have a limited range of acnsitlvltg and thus are uaeful onlyfor neutron fluxes within a 
restricted range of intensities. 

The conductance characteristics ofgermanium are altered by exposure to fast neutrons, b u t v e  
essentially unaffected by gammps. Callbration of germanium detectors, however, is difficult. 

Neutron delivery rate data are available for only a few bursts and vsually only at  one sta- 
tloo. 2,3259 11 Delivery rates have been studied by mean6 of fission fragment catcher cameras and 
ionization chambers containing fissionable materiala. In the camera a cellophane ribbon is passed at  
constant speed in front of a maas of fissionable material. The ribbon collects fission fragments whose 
activity at any location is proportional to the neutron delivery rate. In the ionization chamber, the 
fissionable material is usually coated on one of the plates. The flssion fragments cause an ionlzation 
current proportional to-the rate of fission wlthin the chadlber and, in turn, to the neutron dellvery rate. 

In either of these devices U the flsslonable material ia v'", only the slow neutron delivery rate 
is measured, since the U'" flssion crosa section is largest at low energies. If Uzs is used, the de- 
livery rate of neutrons above a threshold energg of approximately l. 5 MeV s meaaured. The U'" is 

present. 

Although experimental data on delivery ratesfor iutermedfate energy neutrons are lacking, the 
experiments using U'" do set upper baunds on the time of neutron arrival, since high energy neutrons 
wi l l  certainly arrive before the intermediate energy neutrms. 

4 .3 .2  BIOLOGICAL EXPERIMENTAL METHODS 

customarily shie % ded by cadmium in order to eliminate fissions in the 2 impurity which is inevitably 

For convenience we repeat here some necessuy definitions which are important to an under- 
standing of biological damage due to neutrons and of the experimental procedures for measuring such 
damage. 

1s deftned as that amount Of ionlztng radiation of any type 
which, when absorbed in one gram of organic tissue, wil l  deposit 93 ergs Of energy. 

A roentgen equivalent man (or mammal) or= is defined as that amount of ionlzlng radiation 
which, when absorbed in mammalian tissue,wlll cause the aame biological damage as the absorption of 
one rep of 400-kev gamma radiatioo. Nahually, this unit is dependent on the particular biological 
effect chosen. It may be lethality, drop in white blood cell count, weight loss of the spleen and/or 
thymus gland at the end of a specified time, whole body weight loss, cataract formation or any other 
chosen effect. Those mentioned are the moat common. 

The relative biological effectiveness or- L8 defined M the ratio of the dose in rem to the 
dose in rep. The value of the RBE thus depends on the biologlcal effect chosen and for neutrons also 
depends upon the energy spectrum. 

A roentgen equivalent Dhvsical or 

I 
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An example of the relationships between these quantities may clarify their meaning. A specific 
biological effect Of a given neutron dosage is found to k the Eame PI that from 150 rep of 400-kev 
gamma rays. The biological neutron dose is then known to be 150 rem. If the physical neutron dose 
is known to be 100 rep, the RBE Is 1.5. 

The biological dosimetry experimentsl~ “ 9  13* 14* l5 which have been conducted at the various’ 
bomb tests have generally used mice for reasons of coovenience. (Other animala auch M monkeys, 
dogs, hamsters, rabbits, etc., have also been used 00 occsinion.) The biologicj effects chosen for 
study included weight loss of the spleen a n d o r  thymus after 5 days, the drop in the white blocd cell 
count, the whole body weight loss, and the survival Ume (for doses in the supralethal range). meen 
and/or thymus weight loss experiments using mice produced the most consistent and us l ly  inter- 
pretable results. For Illustrative purposes these exparimenb wffl be described below, although the 
methods discussed could be applied to any other experimental animal and chosen biological effect. 

The mice were exposed at grouud level beneath 1 in-thick lead hemispheres. The lead served 
to shield out gamma radiation which in most cases would have contributed rhelarger dose. (The use of 
the shields still does not provide completely clear-cut results, sincelead degradesthe incident neutron 
energy spectrum. In addition, there ts a resldupl &omma b e  h i d e  the hemispheres due to gamma 
rays generated in the lead by the inelastic scattering of fast  neutrons.) Together with the mice, acti- 
vation detectors were placed under the lead to allow determination of the neutron dose in rep. FlnaIly 
the relationshipbetween gamma dosein rep and biological damage wan determined by expoding mice of 
the same genetic and physical characteristics to known doeer of 400-kev gamma rays. The animal6 
were sacrificed and the spleen and thymus weight loss measured. 

A comparison of the 400-Lev gamma dose(in rep) and the neutron doee(in rep) whfch each pro- 
duced the same spleen-thymus weight loss yields the neutron dose (in rem). This is simply equal 
numerically tothe 400-Lev gamma dose (in rep). The RBE I@ thenthe ratio of the neutron dose(in rem) 
to the neutron.dose (in rep). - - 

4 .3 .3  EXPERIMENTAL RESULTS 

Fission and Boosted Fission Weapons - 
Early workl2, 14 on fission and boosted fission test bursts used sulphur and gold activation 

detectors. The experimental results were highly scattered and exhibited some logical inconsistency in 
the correlation ef biological dose with the results of the physical measurements. 

The work of Harris’ a t  the Tenpot test series, i f  it proves to be reproducible, wffl have re- 
solved many of the questions raised by the earlier results. For fission and boosted fission weapons, 
his work has experimentally established invariance of the shape of the neutron flux energy spectrum 
with distance from the point of burst and within the energy range of interest. Thus, this invariance 
does not include thermal neutrons and probably not the@-Mev neutrons from fusion in boosted f i s s d  
weapons. For an invariant energy spectrum the dose (in rep) is proportional to the total flux in any 
arbitrarily specified energy range independent of distance. (The fact that the thermal flux is not in- 
cluded in this invariance is not overly important since as wffl be demonstrated below, its contribution 
to the total dose is relatively small. Similarly, the&Mev neutrons from boosted fission weapon3 
while individually quite damnging, are not present in sufficient number to make an Important contribu- 
tion to the total dose.) The spectral invariance has been demonstrated to hold from 200 to 1500 yd for 
Teapot tower shots. There would appear to be no obvious reason why it should not hold for larger 
distances as well. 

I 

The physical measurements of flux were made wing gold, plutonium, neptunium, uranium, and 
sulphur activation detectors. Semilog plots of R2@ as afuncticm of R for each of these detectors except 
gold were very satisfactorily parallel. 

Table 4 . 9 2  presents recommendedhues of the factors used to convert the neutron flux within 
6pecified energy ranges to dose (in rep). For convenience the limits of the energy ranges chosen 

0 



correspond to ths energy ltmita of the pertinent actlvatim &kctors from thermal energy (gdd) to 
12.5 MeV (zirconium). These conversion tactora were computed theorettcauy from first couision 
theory. 

From these conversion factors and the flux meanurementd from the appropriate activation de- 
tectors, Wris wan able to compute, aa a function of distance, the dose (in rep), both totnl and withh 
the specified energy ranges. 

It is seen that for fluxes ol the same order of ma@itude the thermal neuhon dose (in rep) may 
be neglected in comparison to the higher energy dose. Thus, to produce a done of a given number of 
rep requires a thermal neutron flux about 20 times an larp = the Pu-Np flux( 4 Lev to 0.75 Mev)and 
55 tlmea an larp PI the 6-Zr flux (3 to 11.5 MeV). In general the thermal nux resulting from a bomb 

. burst is cOmparable in  magnitude to the total non-thermal nu1 and the dore due to thermal neutrons 
can therefore be 

i 

c 

r TABLE 1.3:2 

Neutron Flux-Dose Conversion Factors1 
Conversion Factors, 

Neutron Energy Range Detector. rep-cm2-neutron-l 

4 kev to 0.75 MeV p,za-Np"' 1.0 x10-' 
0.75 Mev to 1.5 Mev N~~J'-U:" 2.5 x lo-' 
1.5 Mev to 3.0 Mev U'"-s" s.2 x lo-' 

9.0 Mev to la. 5 MeV s " - z r w  L s.o x 1 0 4  
> 12.5 MeV zr" 6.5 x lo-' I 

Thermal Gold 2. 10-1131 
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Zirconium detector (12.5-Mev threshold), customarily used to measure the 14-Mev neutrms 
from f u s d w e r e  not employed at Teapot. Therefore, the energy distribution of neutrors above 3 MeV 
from boostedfission weapons andthe varlatlon of this distribution vlth distance was notobaervedat the 
Teapot serles. However, previous test dah have invariably shown the apparent mean free path for 
zirconium neutrons to be shorter than that for the correspondinGlphur neutrons5 and thus spectral 
invariance is not e ected to hold for the portlon of the spectrum due to 14-Mev fission neutrons in 
boosted weapons. e number ofthese high energg neuhonn ts smallcompared tothe number of fission 

Along with the physical measurements made at  Teapot, the biological damage of bomb neutrons 
to mice under lead shield. w a s  measured in terms of rem (spleen-thymue weight loss criterion) by the 
methods described in Section 1.3:a. Then, knowing the neutron dose as a function of dis&nce in both 
rem and rep, the mouse spleen-thymus RBE w a s  determined. 

Previous ex&!erimental studies onthe btolo@cal effects of radiation have established the follow- 
ing basic facts on the relationships between physlcal and biological dose due to neutrons and gammas. 

1. Any apeclfic biological effect, such an m o u e  spleen-thymus weight loss, increases mono- 
tontcally with both neutron and -ma doses. 

2. The biological damage, memured by any specific crlterlm, for a given gamma dose 1s 
approximately independent of the gamma energy spectrum for all energies greater than 
100 kev. Thi. situation does not hold for neutroM where, for a given neutron dose, the 
biological damage does vary with the neutron energy spectrum. 

.c 

neutrons and 5 elr effect is not expected to be significann 

I I 
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S. 

1. 

6. 

In general, a given neutron &se (in rep) does not do the same amount of biological damage 
u a numerically equal gomM dose (in rep). Of course the givm value of the neutrm dose 
may resultfrom a arlde variety ofneutron spectra but the non-equality of biologicaldamage 
due to an q u a l  dose of neutrons and gpmmns appears to hold for a l l  bomb neutron spec- 
tra of ioterest. 

For any constant neutron spectrumthe neutron doee(io rep) whtch produces a e v e n  amount 
of biological damage, wing any specific damage criterion, is proportional to the gamma 
dose (in rep) which produces the m e  amount of bialogical damage; The factor between 
neutron and gammn dose (in rep) appears to remain muatant over the entire sublethal and 
lethal dose range. 

The RBE for neutrons is defined PI the neutron dose (in rem) oves the w t r o n  dose (in 
rep). Further, the neutron dose (in rem) is equal to the gunma dose (in rep) which does 
the same biological damage. Thus from (4) the neutron RBE for specific biological effect6 
and for a constant neutron energy w c t r u m  is constant within the sublethal and lethal dose 
range. - 

Tbe results of H u r t s  at Teapot &re consistent arith the pprngraphs above. For the&msted 
weapons tes teaand  therefore for the particulPr approximately invariant @ran energy spectrum 
associated with unbooeted fission weapangthe mouse spleen-thymu RBE wan found to be quite con- 
stant and equal to 1. ?, over the dose range 100 to 1,000 rem.l  (AB pointed out later, this is notthe 
value recommended for buman use. ) Thir value is coluiderably lower than the values 5 to 20 in other 
expertmenis and for other damage criteria, particularly cataract formatlon. As the dose increues 
into the supralethal range, the value of the RBE decreases. Thus at 10,000 rem the mouse spleen- 
thymus RBE seems to drop to about 1.2 and at still higher supralethal doses it drops to as low as 0.6 
i n  some cues .  The imphatton seem to be thnt some aort of duration effect occurs for supralethal 
dosea. 

The T e a p q r i e s  The spec- 
trum from the8 boosted -&(see 
Section 1.7). The e fect of the difference in spectrum 18 probably not large, however, and the mouse 
spleen-thymus RBE fo boosted flsslon w e a p o n 3  thought to be only slightly different thanthat for@- 

The RBE depends not only on the h a p  crtterion but also on the m a m d  involvsd. Extra- 
polation of mouse spleeo-thymu data to man inevitably involves serious approximations. One tm- 
portant consideratton In such extrapolation is the self-shielding property of large bodies. A m o u e  ts 
essentially a thtn film for neutrons but man's internal organs are  somewhat protected by the thickness 
of h t s  outer surfaces. For this reason the use of 1.9 as spleen-thymus weight loss RBE for man is 
recommended. 

Other organ#, the eye for instance, may be more sensinve to neutrons and the RBE for cataract 
formation 18 larger. The RBE of 1.3 is, however, recommended for acute response to neutron radla- 
tion m sttuattons of military operational stgnificance. 

@ & e d  fissloo weapons. Is 
J 

Several other results of the Teapot experiments are wortb noting. 

1. Activation detectors were placed both inside and outside thelead shields usedto protect the 
mtce from gamma rays. The neutron dose (in rep) inside the shields was found to be 50 
percent of that outside. 

The gamma Qre (in rep) inside the shields w a s  only ? to 10 percent of the total dose and 
thus dtd not interfere appreciably with Interpretattm of neutron damage. 

The g v ~ m a  dose Insidethe shield w a s  shownto resultfrominelPstic scattering ofoeutrons. 
This wa6 indicated by the fact that the gamma dose within the shield decreased with dis- 
tance from the point of b u s t  wi th  an appaxent mean free path characteristic of the bomb 
neutron# rather than of the bomb gammas. (The bomb gamma apparent mean free path is 
consldcrably longer than tcpl for bomb neutrons. ) 

2. 

3. 
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4. When the neutrtm dose ts b l o w  the ~aturatim level, the neutrm aud radiation doses 

(both in rem) appear to be addttiw to wtthin the llmtta of aer tmenta l  error. It may be 
presumed that there is also a saturatton effect for gam- somewhere in the htgh dose 
reoon and that the Teapot gamma doses were below thtslevel. There is ltttle experimental 
evidence available on thts point. 

The value of 700 t 160 rem is recommended as the neutron L& dose for mtce. (a is 
the dose whtch w l l l  he fatal to 50 percent of the trradhted populatton.) This number is the 
subject of some controversy and must be considered uncertain. (See Sectton 2.4.1). 

5. 

o[ the several Teapot test resulb the one of moat signiltcance laouldappear to be the invariance 
of the flux energy spectrum with distance. This result represents D very tmporkmt simplification in 
the prediction of neutron dosage. At the present time, however, the principle of spectral invariance 
should be regarded as tentative SinCelt is possiblethat eventuPlimprovement of the meuurementsmay 
destray the simplicity of the concept and thua increase the complexity of neutron dose calculations. 

In the folloatng sections, the principle of spectral invariance w U  be wed to the fullest extent 
and wffl be assumed to hold for all dlstances. Further, the Teapot results in general will be used as 
the basts for calculation o e o n  doses for all ftsston and boosted ftssim weapon in i t s  seems to he 
the most reasonable approach to take in the light of our present understanding. 

Fusion Weapons 

Present evidence seems to indtcat that the spectral invariance of the $&on flux dJes not 
apply to high yield (thermonuclear) we-?nThe Teapot testa dtd not include any fu ton  weapons and 
eldsting data% 10 for such weapons are much leas complete and consistent than for the Teapot series. 
The phenomenologtcal approach of Brode18 wil l  be followed in the treatment of fuston weapons. 

4 . 4  FLUX-DISTANCE RELATIONS 

There is at  present no single theoretical or empirtcal flux-distance relatton which treats all 
weapon designs and the entire neutron energg range. Relations whtch hold for one weapon type and 
energy range do not necessarily hold for another design and energy range. It is necessary, therefore, 
to analyze each class of weapons and Its associated neutron characteristics separately; this Is the 
approach that is followed below. Both theorettcal arguments and experimental results are used Ln 
derivlng the several flux-distance relations but In all cases thetr approximate nature should be fully 
appreciated. 

The variation tn neutron behavior results from the very wide spread 
are a t  about 14 MeV and result from 

weapon in the range between about 
of possible neutron energles. Thus, the htghest 
the fusion reaction. Most of the(&iion 
4 Mev and 1 kev. These relatively high energy neutrons then slow down as a result of colltsion with 
the surromding media and are eventually captured. A large number ofGutrons are slowed down all 
the way to thermal energy (about 0.025 ev) and diffuse at  this energy before captur2chhus the ratio of 
high to low neutron energy at a given receiver may be as large as ld3  

The actual neutron spectrum and flux at the recetver are strongly dependent on the neutron 

3 

characteristics at the.source and 
of importance are the total yield, 

and the neutron a 

and in the neutr 
relations gi 

two factors determtne the enerm spectrum of neutrons emerging from the weapon. 
The only effect of variation in theEeapqn yield(1nthe absence of the blastwave or hydrodynamic effect 
on the attenuating media-see Section 4 . 8 ~  IS a corresponding linear variation in the intensity of the 
neutron flux2 ,, 



In the trea en1 that follows, flu-distance relotions are prerented for firstm/boosted fission 

neutron energy, Neutrons are conridered to be thermal (those memured by gold dstectors) and non- 
thermPl(t5ose measured by plutontum or hwer threshold-energy detectorr). Thia dinttuctton ia made 
becalue of the major dlfferencsll in the behavior of thermal and non-thermal neutrme and because of 
the ne&Ible  thermal neutron contribution to the &we(& either rep or rem). h fact, the flux-dblnce 
relations for thermal neutrons are of little practlepl Importance and are presented primnrily for 
completeness and because they have In the paat been lueful for analyzing read@ from the older-- 
ftsslon weapons. No flux-distance relation is presented for thermal neutron6 from fusion weapons. 

4.1.1 NON-THERMAL NEUTRONS FROM FISSION AND BOOSTED FISSION WEAPONS 

Fm fisston and booated fiarton weapons, and those wIth thhick and thin hlgh explosive cmings, 
the neutrons that daterminethe chpracter of the btologIcalIy important portion of the flus are those that 
s t a t  from the point of burst In the MeV range and reach the receiver before slowIng down to thermal. 
Analysis of weapon test results Indtcates that to a reasonably good appradmation the flu-dtstance 
relation for these non-thermal neutrons from fission and boosted flesion weapons can be r esented 
by an equation of e form reeembling that wed for uwcattered neutrons from a point source. 

The flux of unecattered neukons from a monoenergetic point source In an Infinite homogeneous 
medium and integrated over all time, 1s glven ewt ly  by 

and fusion weapons 3 eparatcly. Fur L- er, an odditimal broad claarifteotion ia made m the bnst~  of 

& 3 
- I 
i I (4.49) 

- - 
where 

s = source strength, total number of neutrons produced 

R = dirtance from saurce to detector 

= total linear attenuation coefflcient for neutrons a t  the source energy 

Similarly, the total non-thermalneutron flux(scat1ered and unscattered) from the polyenergetic 
source of weapon neutrons, again In an inftntte homogeneous medtum and integrated over all t h e ,  bns 
been found to be awn approxlmntely by 

I 

(4 .42)  

where 
p -= apparent linear attenuation coefficient 

A = apparent mean free path. 

The value of p may be considerably smaller than that of pt. It may be Uefd to thtnk of Eq. 4 . 4 2  in 
terms of the buildup factor discussed in Chapter 3. The buildup factor for non-thermalneutrons from 
fission and baosted fisaton weapons 1s then 

-(P - ut)R 
e 1 

i a form whtch has some theoretical justification. lS 

\-j 11s - 



3 ~ e s p i t s  the fast that Eq. 4.4:s Ia 0mly pa npproximotim, when pppropripte values of S pad II are 
empirically chosen for the pyticulpr ctrcumrtances,it f i b  experimental non-thermal flux-distance data 
over a wtde range of conditione; ssmi-log €dote of Rz@ aa rifunction of R usldly give p o d  strai#tline 
fib. Eq. 4 . 4 3  ftte both flssion and boosted ftasion results and further both thick and thin c u i n g  
wenpons of each type. This appears to be true even though what Information is available shows a wide 
spread of neutron energles from these wenpons and some variation in the energg spectra between types 
(see Section 4.7). 

As pointed out in Sectlon 4.3:l non-thermal neutron flux melsurementn are usually made with 
threshold activation betectors. This type of detector measures the total flux above a prescribed thres- 
hold energy. The agreement of 4. 4.42 aith experimental reault.4 seems to hold not only for the total 
non-thermal flux but also for the portlone of the flux above the Individual threshold energies. 

There are some circumstances in which Eq. 4.4:2 docs not lppuv to hold Thus, i t  has been 
noted previowly that i t  does not ppply to thermal neutmw. It nlso Qes not seem to fit the very high 
energy (14-Mev) fusion neutrons. Finally i t  should not be used for dbtancea too close to the source 

Some experimental data for non-thermal neutrone have been analyzed using a summation of 
several terms6 such as given in Eq. 4.42 but wi th  different values of 8 and j~ in each term. The 
several t e a s  then represent different neutron energy p u p a .  Such supe~sitioru can usually be 
approximated w e l l  enough by the single term of Fq. 4.49  with average values of 8 and @ characterlatic 
of the entire apectrum. 

- 

- 
point, since it hold. best for meaaurementa at some dirtaace, that ia for pR >> 1. /' L 
4.4.2 NON-THERMAL NEUTRONS FROM FUSION WEAPONS 

Fusion wenpons produce Luge numbers of 14-Mev neutrons from the DT reaction. Because 01 
their high energy and abundance a8 compared to fiss!on%eutrons (with an average energg of about 
1 Mev), these 14-Mev neutronm characterize the flux of blologlcal importance for fusion weapons. 

The few neutronflux meaaurementsthat are avaIJablefrom fusion wespone are only pwrlyfitted 
by Eq. 4.4:2. The reasone f r this difference in behavior are not definitely known but several pas- 
sibillties can be suggested. &the hlgber energy range (above 5 MeV) inelasgscat ter ing Ls likely to 
be an important me-hanism for neutron slowing-down, while for fission neutrons elastic COUBIW is 
the primary mechanism. Inelvtic colllsiona wi l l  degrade neutron8 in energy much more rapidly than 
elastic collisions and change the flux-dlstance relation correspondingly. 

Also, Eq. 4.4:2 is knovm to be a poor approximation for smaU values of 4, even for fisslon 
neutrons. Since JI generally becomes s d e r  a t l a r g G t r o n  energies% 10deviationsfrom Fq. 4.42 
at any fixed R are expected to be greater for the case of thermonuclear weapon bursts with their large 
14-Mev component. Finally, the b h t  wave or hydrodynamic effect, if it ia significant, would be 
greatest for the fusion (high yield) weapona,whereas It# effect would be much less and probably negli- 
gible for the low and intermediate yield flesion and boosted fission weapons 

A revised relation which better ffts experfmental data from the Castle series of fusion weapon 
tests has been devised empirically by Brode. 18 

3 
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( 4 . 4 3  

, where the constant# p,, p, and R, are adjusted to fit the experimental results. This equation has the 
i special property that 
L/ 

m 



s -%R + I - e for R << Ri 
4 OR' 

S -a rn = - e for R >>R, 

(4.4:4) 

4aR' 

Experimental results indicate that the apparent mean free path for short distances (A~) is con- 

i siderably longer than thaI for large distances (&I. L 
4.4.3 THERMAL NEUTRONS FROM FISSION AM) BOOSl'ED F18sION WEAPONS 

As previously noted, thermal neutrons are of less interest that the hlgher anergy neutrons. 
Nevertheless, a relation for thermal neutronn from fission a n e s t e d  fission weapogs  sometimes 
used to analyze radiation effects. The relation usually used glves the flux an a function of distance 

medium, according to Fermi age theory. By a simple integration the thermal flux may be shown to 
_from a pointsource of monoenergetic non-thermalneutrons which slow down, In nainfinitehomogeoeo 

b&zo 

SeKaT [e-" ( - R + X T )  em 
@ = ladR 77- erfc 377- -7 erfc 

- - 
where 

erfc x =Im e-" dy (x and y nerve only to define the erfc function) 

s = source strength, total number of monwnergetic non-thermal neutrons produced 

T = average Fermi age at which the nm.-thermal neutrons either become thermal or are 

d = diffusion coefficient for thermal neutrons 

K = reciprocal of the diffusion length for thermal neutrons. 

I captured 

For R >> KT and R >> fi this Simplifies to 

(4.46) 

Equations 4.45 and 4.4:6 have been mostuseful in gaining an understanding Of thermal neutron 
f lux  measurements due to bursts of the older-type fissim and boosted fission weapons.21 They sbmld, 
however, be applied with great caution to the most recently designed fission/boosted fission weapon6 

The thick exploslve casings of the older type weapons degraded most neutrons to energies ap- 
proachmg those characteristic of bomb thermal temperature (1 kev). Thus, the major source of ther- 
mal neutrons is very crudely monoenergetic and of relatively low energy. For low energy neutrons 
the distance traveled while diffusing at  thermal energies is significant compared to the distance trav- 

neutron flux should fol- 

4 1- 

eled while slowing down to thermal. Under these circumstances the 
low Eq. 4.4:5 or 4 . 4 6  for small and medium distances from the 



The newer weapon desips ,  011 the other hand, have thin casings and the emergtng neutrons are 
spread over a wide energy range. They are, on the average, of higher energy, therefore, and travela 
short distance while diffustng Y compared to the distance traveled while slowlng down. Most of the 
neutrons may be expected to penetrate the hlgh eqlosive caaing while still fast and to remain fast 
through the intervening air until they are close to the polnt of capture. (The neutron mean free path tu 
longest at higb enerxy). They then suffer their first collision, slow down to thermal, and are captured, 
a l l  in the close vlct:ity of the point of first collision. The spatial distribution of the thermal neutron 
flux should then fo l lod  that of the &thermal flux (Eq .  4.42)  and as. 4 . 4 3  and 4 . 4 6  do not seem 
applicable, particularly at  any appreclable distance from the source. If Eq. 4.4:s or Eq. 4 . 4 6  applies 
at all in these circumstances, i t  would apply only for distances relatively close to the source 

The common practice of Pnalylring thermal neutron llux data by the use of semi-log plots of R.$, 
rather than R%, therefore, seems debatable at  leaat in some caaei, 22 I. e., for fission weapons with 
thin high explosive shells and at large distances from the polnt of burst. 

x 

7 

4.4.4 EFFECT OF VAFUATIONS E? ATMOSPHERIC DENSITY AND HUMIDITY 

The atmosphere is not, of course, aa assumed for the flux-distance relations given above, an 
infinite homogeneous medium. Atmospheric density and humidity both vary with position and both 
characteristics aifect the neutron attenuation properties. 

Ai r  density varies roughly ezponentially with altitude. The preceding relations remain good 
approximations in sptte of this variation if, as in Chapter 1, factors like e-* are replaced by pp- 
propriate average values. 

Also since 
P = Pllo (4.4:8) 

!4.4:9) 

where 
= apparent linear attenuation coefficlent for air 

= apparent linear attenuation coefficient for air at density d( 

ii = average apparent linear attenuation coefficient for air between pointof burstand receiver 

I, = air density expressed in units of & 
p = average air density between point of burst and receiver, expressed in units of 6 
4 = density of pure dry air at standard conditions (1.293 x lo-' gm-cm-') 

- 

MeLhods of calculating jj have been descrtbed in Section 1.8. TPking the vuiatlon of alr density into 
account E q .  4 . 4 2  then becomes 

122 



(4 .410)  
4aR' 4rR' 

where 
A+ = apparent mean free path for neutrons in air at s b s d v d  conditions 

Similar substitutions can be made in the other flu-distance relations. 

The composition of air also w i e s  but to alebser degree. While the ratio of oxygen to nitrogen 
content remains fixed, the relative concentration of water vapor may vary considerably from point to 
point. This Is of some 3mall importance in the SlOWhg down and diffusion of neutrons. The properties 
of moist air differ from those of dry air  because of the hydrogen content of water, a collision with hy- 
drogen involving a much larger energy loss thpn collisions with either oxygen or oitrogen. 

The equilibrium vapor pressure of water at S O T  (100°F) la, however, only about 50 mm of 
mercury or 6.6 percent of standard atmospheric pressure. This represents 100 percent relative 
humidity; in  most cases the relative humidity and, therefore, the water vapor content are considerably 
less. Approxima'e estimates have indicated that, under typical conditions a t  sea level, water vapor 
changes the apparent mean free path of neutron radiation by only about 2 percent. Thus, at leut at sea 
level, water vapor plays a minor role, and may usually be neglected. At higher elevations this may 
be less true. 

The Interpretation of present experimental data is that perturbations of the flux due to atmo- 
spheric water vapor content are much less than the errors  in the measurements themselves. The 
effect of water vapor content will, therefore, be neglected. 

4 . 4 . 5  SCALING RELATIONS FOR VARIATION-aF AVERAGE QUIESCENT 
AIR DENSITY AND WEAPON YIELD 

Experimental data from weapontest bursts cannot be applied directly to situations far dltferent 
than those of the original test. They cannot be applied, in particular, to situations where the average 
quiescent air density between the point of burst and the receiver varies markedly from that of the 
original test. When the data are fitted to flux-distance relations such as Eqs. 4 . 4 2  to 4.433 they can, 
howewr. be scaled for rxch variations. This is possible because the attenuation coefficients and 
similar quantities appearing in the several flux-distpnce equations a re  either directly or inversely 
proportional to air density. I 

( 4 . 4 3 )  

Thus, for the non-thermal flux from fission and boosted fission weapons Eq. 4.4:lO applies c 1 
.$I- S e -wD 

4nR2 

(4.4:101 
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I 8Lnce and R are the only variables on the right side of the equation pnd they appear only aa the product 

Therefore, if the quantity +R'/S is known for some distance R( and average density PI, then the same 
value of +R'/S holda for any other density pa and distance &, (but for the same value of Si chosen such 
that 

31% = Fz& 
The same relation restated is 

Eq. 4.415 is then the scaling relation requlred for transferring not the nux, but rather the 
quantity mRz/s, to other air densitielr. The flux itself can be scaled for different air densities by the 
following relation which It! clearly identical to Eq. 4.4:13 

@1@,* 4) = (Z) * @zGz3 R3 (4.4:14) 

These same equations wil l  also hold !or scaling the thermal flux thick Casing fission weapons. 
Only slight modification of Eq. 4.414 is required to obtain the scaling relation for the non-thermal - flux from fusion weapons. This modification is - 

(4.415) 

where 

I 
It may also be desired to scale to different weapon ylelds as well a6 for different air densities. 

Since the yield W is proportional to the source strength S, Eqs. 4.4:14 and 4.4:15 can be generalized 
giving 

(4.4:16) 

Eqs. 4.4:14 through 4.417 are useful for relating burst situations which are characterized by 
the same type of empirical flux-distance relation, They wi l l  not properly scale between situatlons 
which are best described by different flux-distance equatjons. 

With this reservation these scaling relationa should apply independent of the change in weapon 
yield. If in the future they are found not to agree with experimental results for high yield weapons, it 



c 

is most prohably because of the perturbation of the attenuating medium (the hydrodynamic effect). AI 
present this effect is not thought to be S Significant factor for neutron radiation although further and 
more conclusive study is certainly needed. 

4.4.6 MAJOR DEFICIENCIES IN FLUX-DISTANCE RELATIONS 

The flux-distance relations presented above, although quite useful, remain limited by their 
empirical and approxlmate nature. Certain reservations in their npplication should be noted and some 
of the most Important of these a re  listed below. 

In nearly al l  realistic situations the ground surface plays an important role, even i f  the 
point of burst or  the receiver is not actually at the surface. The ground or water medium 
both scatters and absorbs neutrons differently from air, and this difference may greatly 
affect the scattered dose. The Importance of the second medium as a sink for neutrons as 
compared to its importance M a reflector depends on several factors. In general i t  may 
be expected to act primarily M a reflector at distpnces close to the neutron source. The 
second medium w i l l  thus increase the flux dose  to the interface over the free air  flux. At 
large distances from the source, however, the second medium would be expected to behave 
primarily M P  & andreduce the flux Mow the free &value. A very low order a p p r d -  
matirmto the proper flux a tor  near the mediainterfnce can be made by mult5plylngthe free 
air flux by a constant chosen 80 as to fit experimental result& This factor probably lies 
betweenthe values of 0.5 and 2.0. 

The approximate nature of the fl~t-dLtanCe relations malres the problem of scalingfrom 
one set of circumstances to another difficult and uncertain. This is particularly truefor 
scaling from low to hlgh altitudes. The distances of operational significance for high 
altitudes a re  equivalent to the distances close to the burst point at low altitude. It is at 

. these short distances that the rn-wured doses show the greatest departure from the point 
source exponential relationship upon which the scallng relations a re  based. 

3. The non-homogeneity of the attenuating media has not been fully considered. Normal 
variations in atmospheric density and humidity have been discussed previously. However, 
the blast wave perturbation of the atmosphere and the removal of the high explosive shell 
may have an effect on the delayed neutron flux and possibly even on the prompt thermal 
neutron flu. A detailed examination of the time behavior of the neutron delivery rates is 
necessary to resolve this question. (A discussion of neutron delivery rates is presented in 
Section 4.8. ) 

1. 

2. 

I 
4.5 DOSE-DISTANCE RELATICXS 

Inthis section are presentedthwe results which are dlrectly usablein predicUng neutron doses 
(in rem). These results a re  given as separate seta of curves for fiesion/boosted fission, and thermo- 
nuclear weapons, together with associated tables. Illustrated problems a re  provided to demonstrate 
proper use of these curves and tables. Finally a general discussion of the dose-distance relations and 
their origins is presented. 

4.5.1 CALCUWTION OF TOTAL NEUPRON DOSE 
Calculation Based on Weapon Type and meld 

The dose-distance relations a re  given in the form af a famlly at curves of the total neutron dose 
D, divlded bythe weapon yield W and by two constants, k, dependingon the weapontype and k,dependlng 
on the receiver environment. The term D/kksW is given as  a function of the slant range R, from the 
point af burst to the receiver, with the average air  density ii between the source and receiver as a 
parameter. The dose (in rem) Is based on the use of an estimated RBE for damage to the human 
spleen-thymus which, in turn, is derived from experimental mmse spleen-thymus data. AS previously 
noted (see Sections 2.S and 4.3.3) the spleen-thymus RBE is taken to be equjvalent to the RBE for acute 
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Fig. 4 .5 : l  Neutron Dose a8 a Function of Distance for Fission and Boosted Fission 
Weapons. 

response in situattons of military operational significance. Therefore the biological doses calculated 
below should also be taken as hased on acute response, at least until better data become available. 

Figure 4.5:l  presents curves euibble for  fteasion and boosted fission weapons 
presents correspondfng curve8 for fusion weaponr. Table 4.5:l showas, for a 
unboosted itselon weapons, 
the corresponding d u e s  d 

upon M c h  the 
af4 for fusion 
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J Fig. 4.5:2 Neutron Dose a6 a Function of Distance for Fusion Weapons 

where the weapon of interest I s  listed, the value of 
weapons 

may be selected directly. For future or unlisted 
should be estimated by comparison with the most similar listed weapon types. 



Table 4 . 5 9  gives values for the factor k( as a funcUCm af the environment cd the receiwr 

Table 4 . 5 3  lists estimated probable e r ror  factors in the dose; these value8 repreaerd the 
best present judgment of the authors. The probable ermr factom are intended to include both the in- 
adequacies of the equa t iw  used to represent the dosedistance rehtlms and the uncertainties in the 
constants used in these equations. The probable errors  a re  given for receiver d i m e  of 500 and 6000 
yd and for bursts in standard atmoepherlc air ci; = 1.0) and in yacuum 6 = 0). An error factor should 
be interpreted in the follovrlng way. If the e r ror  factor is three, the prchblllty is 50 percent that the 
propervalue ofD 16 lessthan onethird ormore tbantmee timesthe valusobiainea byuse of Figa. 4,5:1 
and 4 . 5 9  and lkbles 4.5:l and 4 .5% 

TABLE 4 . 5 9  

Receiver Environment Factors &,) for  Dose-Dlstance Calculaiima 

23- Receiver Envimnment 

(In or wiaithin 10 f t  d the ground surface 1.0 

On or within 10 i t  al the surface of the sea 0. I 
In free air 1.5 

FABLE 4.5:3 

Probable Error  Factor in Dose-Distance Calculations(') 

Probable Error  Factor 

R = 500 yd R = 6000 yd 

p = o  p=1.0  p = o  p = I . O  ---- Weapon TNpe 

3 2 6 4 

3 2 6 4 

a 5 15 10 

pnboos ted  fission 7 

J L 
Boosted fission 

Fusion (thermanucleat) 

(1) It Is estimated that the probaMIty is 50 percent that the computed dose 
is too large or too small by more than this factor. 

Calculation Based on Sulphur Neutron Flux 

The principle af spectnl  invariance af the neutron fld establiahed at Teapot permlts direct 
conversion a( sulphur neutron flux to total physical dose (in rep) or to bidoglcal dose (in rem) for 
boosted and boosted fission weapons. Such a calculational procedure may be useful in very rough 
cuktlons. 3 

Factors for  converth&ulphur neutron f l u e s  to physical dose (in rep) may be calculated fmm 
the values of sulphur neutron dose as a percentage af the total dose listed in Table 4.7.1 for three ma- 
jor weapon types  am^ the conversion factor for the 62 r  neutron n u  from Table 4 . 3 3  

I 



Using the RBE values derived from the work d B a r ~ ' I n ~ ? ~ * * ~ '  the physical dose (in rep) can be 
converted to biological dose (in r . The value recommended for acute respmse of humans t o G I o n  
weapon neutrone is 1.3 rem-rep-' It may be assumed, as  a low order approximaticm that this RBE 

t h e p r e e  fission and boosted fiasion weap 4 value also holda fo@osted flss 3 on weapons Table 4.5:4 presents the several conversion factors for 
or which some spectral information is amilable. 

The ckssiiicatian af weapon types into only three catsgorles is most certainly incomplete a d  
is subject to future extenaian. In general the accuracy ai the conversfon factors is rather poor, a~ a 
result af our limited knowledge bathd the energy spectrum amid ita VarIatIon as a function of weapon 
design. 

The values in Table 4.5:4 should not be cnnfused rftb the entrles in Table 4 . 3 9 .  The latter 
glves the partfal dose (in rep) due to neubma in a specifled energy range. The canversion factors lis- 
ted in Table 4.5:4 give the total dose (in rep and rem) due to all neutron& 

Since the Principle af q e c t n l  invariance hps not been eldended to fusion n e u t r m ,  Table 4.5:4 
should not be wed to dstermiae the total doee from fullian w e a p o ~ .  

.- 

- 

TABLE 4.6:4 

Factors for Canveraion d Sulphur Neutron Flux to Total Dose 

Conversim Factors 

To Blological Dose for 
E u m ~  Acute Response, To Physical Dose, 

rep-em' - - rem-cm' 
Weapon Type neutron neutron 

r u n b o o s t e d  fis8ion weapon 7 10 x lo-' 13 x 10" 

- 

with thick caning 

Unboosted fission weapon 5 x 10-8 
with thln casing 

7 x 10-8 

3 x 10-0 4 x 10-8 J Boosted fission weapon L 

PROBLEM 1 

A nuclear weapon af known type and yield ia exploded ina given environment. The distance from 
the receiver to the point of burst, the receiver environment and tbe average alr density& units af 
1.293 x lo-' between the points are d o  given. It is required to determine the total neutron 

Solutlon - 
1. From ng. 4.5:l o r  Fig. 4 . 5 9  ( a c h e v e r  fs appropriate) read the value d D&W for the 

given distance R from poht  d burst to receiver axl for  the given average air density F. 
2. From Table 4.5:l read the d u e  d k( for the weapon type e4hded. 

3. has Tame 4 . 5 9  read the value af k( for  the environment af the point at which the dmse in 
being computed. 
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4. Formtheproduet 

*ere W is the yield in KT. The number D is the total neutron dose in rem. 

A 5 - K T , m e a p O n  fs 
neutron dose at a point 2000 yd 

exploded at the gramd muface. It is required to determine tbe total 
dl&aat, plso at the surface. Ihe  average air dennfty between the 

pointn in 0. 8, in unitn af standard atmonpheric denrity. 

1. For R = 2000 yd and ;= 0.8, Flg. 4.5:1 gives 

2. For m e -  fmm W e  4.5:l 

k, = 6.15 

3. when the point at which the done is deslred is an the ourface, fmm "able 4.5:2 

4 = 1 .0  - 
4. We compute, for a yield w af 5 & 

D -(&)k&,W - (6 .0~10- * )  (6.15) (1.0) (5.0) 

D = 1.8rem 

The total neutmn done at the required p o w  is 1.8 rem. 

PROBLEM 2 

A nuclear weapon af hown type and yield la eaploded in a given envlrmunent. The average air 
denslty in the vlchlw af the burst and the receiver environment are ala0 given. It la required to de- 
termine the horizontal distance at which the total n e u t m  done drops below a specified d u e .  

solutlon 

1. From Table 4.5:l read the value af k, for the weapon type exploded. 

2. From Table 4.5:2 read the value af k, for the end-ent af the point at  which the done is 
to drop below the specified value. 

3. Form the quotient 

where D is the specified total neutron dose (in rem) and W is the yield (in KT). 



SECRET 

4. From FIg. 4.5: l  or FIg. 4.52 (whkhever is approprIate)for the computed value of D/44W 
and the given value of the average air density F, read the distance R at which the total ne"- 
tron dose drops below D rem. 

Example 

A 5-kT,-eapon Is exploded over the Surface of the sea. The average air densityatsea 
level in 1.0. It la required ta detcrmlne the horizontaldlstance at whlch the total neutron dose D drops 
below 200 rem. 

1. From Table 4 . W  for 

k, = 6.15 

2. From Table 4.52, when the point atwhich the doseis desired is over the surface ofthe sea, 

k# = 0.7 

3. For a dose D of 200 rem and for a yield Waf 5 KT we calculate 

D aoo 9.3 r e m - n - '  k m  (6.15) (0.7) (5.0) 

4. For an average air density 
R = 1000 yd. Beyond this distance the total neutron dose wUI be less than 200 rem. 

of 1.0 and for the above value af D/k,k,W, from Fig. 4.5:1, 

PROBLEM 3 

Theneutron flwdue to the explosion of a fission weapon is known, as read by a sulphur thresh- 
old detector at a given point. Find the total neutron biological dose (in rem) received at the point in 
question. 

Solution - 
1. From Table4.5:4 read the conversion factor from sulphur flux to the biological dose for the 

weapon type exploded. 

2. Multiply tNa value for theconversion factor by the sulphur neutron flux. The product is the 
biological dose (in rem). 

Example 

A thin casing, pnbwsted fission weapon is exploded and produces a sulphur neutron flux of 10' 

1. From Table4.5:4 thevalue 01 the flu-dose conversion factor i s 7  x lo-' rem-cm'-neutron-'. 

2. The total blologlcd neutron dose is then 

neutrons-cm-' at the receiver. Find the corresponding total neutron dose (in rem). 

D = (109 (7 x IO-O) = 70 rem 
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4.5:Z DISCUSSION OF WSE-DISTANCE ReLkTIONS 

E o n  and Boosted ~ission weaponrr 3 
f i e  curves and tables given in ~ c t l o n  4.5:l for 
on the Teapot test results ad Earrla' 

,most& fi..sion w-&e based 
h e a d  worlt.8, 7,8,11,12,13,14,22,23 

thermal neutron nu aa given for fission and booeted fission weamJby ~ q .  4 . 4 : ~ .  n u s  

plao beenpald to pMr e?qerfmentaI, 

The Teapot results indicate tbat the Mologlcd dose D (In rem) is bear ly  related to the non- 

r - 
1 I 

(4 .53)  

Since the uource strength S is proportlard to the weapon yield W, and the 41 can be included in the con- 
stant 

The value af k, is constant for a given weapon type and receiwr environment. E the effect& d 
theee two factors are transferred to the left side of the equation thmugJ~ the use af the previously de- 
fined k5 and k,, 

(4.5:3) 
1 

Results from many series of test shot6 for low and@ermediateFieldfission and bmsted fisston 
b u r s a a v e  shown apparent mean free paths for sulphur neutrons (scaled to standard density air) re- 
markablylndependent of weapon type. Thus the resulta on a wide mriety of weapons give b-21017 yd. 
Since the neutron spectrum of importance fs approximately invariant with distance, the apparent mean 
path for all@ologically damaging neutrons may be taken as equal to that for sulphur neutronii 

If weapon type has any influence on the apparent mean free path, It falls within themagnitude of 
the error quoted above. We may, therefore, expect error6 in the dose calculations of the order of 

due to uncertainty in the apparent mean free path. This error is about a factor of 3 at 6000 yd. The 
probable error in the dose listed in Fable 4.5:3 includes that due to the mean free path. 

The inadequate treatment of the effect 0i the ground surface ha6 been discussed brlefly in Sec- 
tion 4 . 4 . 6 .  In a very simple way this effect m a y  be considered to depend on two factors, the enl-iron- 
ment at the burst point and the environment at the receiver. A rough correction has been made for the 



effect ol -Umw In the receiwr cmvlmnmeat through th we d the 4 term No c o r m q i a d h g  
correcttm is presently prpcttcnble for the effect d the envlrmment at  the burst point in the face d the 
very United knowledge awtlpble m thia subject. (An attempt la made, however, to include the addi- 
t i d  uncertainty in the reaulta from nm-surface hrsts aa compared to surface bursts by estimating 
two probable error  factom ('hble 4.5:3) for eve- air densities d p = 0 and p = 1.0). 

the r e c e l & n  were at approximately 35,000 for Teapot 10. When the @mu flux meas&mentaz3 
made at  these testa were plotted 911 R'# and 911 afuncUon rd R on semilog paper, neither the same zero 
intercept nor the same apparent mean free pa6Jwhen sc~led to the same air demity) wps found. The 
experimentalerrom inthe meaaurementswere sogreat, however, thattheae r e d t a a r e n o t  conshiered 
conclusive. 

Fusion We- 

m e  experimental results9r loot neutronflux and dMe measurementsiorthermonuclearweapone 
are  much leas complete thpn the correspondfng fiaaion weapm result6 and also much less conslatent. 
It W ~ E  felt preferable, therefore, to base the p r e ~ e n t  m e W  partly on the phanomenologlcal approach 
rd Brodel* rather thpn on the esp?rimental meaaurementa h e .  

The dose is conaidered to be even by the folloalng equaUm, whlch is a combination oI ma. 
4.4:Z and 4 . 4 3 .  7 - 

i 

(4.5:4) 

- -  P R  
AI(M) x, + -  e 
R' 

The first term represents the dose due to 14-Mev fusion neutrons. Tbe aecond term represents 
the dose due to the lower energy fusion n e u t r o ~  and the third term reprssenta the dose due to fbsh 
neutrons. 

The values arks ccmstante to be inserted in m. 4.W am 

k# - 1 . 0  

M =1/2 

Ai = 1.43 x 10" rem-yd'-KT-' - 8.0 x 1oia rem-#-=-' r 



r 7 

Theterm k,  dit^ value atuntiy are b e r t e d i n  the equationfor fwion weapw merelyto 

The d u e  (II A, k colculnted from 

( 4 . W  I 

- 1 
AI E 43 l o ~  rem-pd'-m-' (1.05 x lou) (2.86 x 10-9 (0.5) 

(4r) (B1.4)' 

There a r e L 0 5  x lou 14-Mev fusion neu- genented per  ET uudersondiuom 
conversion factor from f lux  to dwe (in rem) is tpLen18 to im 2.86 x 10 
miesion factor d 0.5 is asmmed for neutron penatration ab the weapon components. 
quite approxtmate ami may be IOW for the newer w e p p ~  m e .  There are  01.4 cm-pi-'. mw d c u -  
k ted  d u e  for A$ is dearly uncertain but it u delievedthat there is lltuepoint in attempting to hrtber 
refine its accuracy until more collsiatent and reliable measuremenu beccune awlhhle. 

a very coBr8e appmximaticm) are comparable to the fie.sion neutrons In energy, the nt io  AJA, shovld 
he approximately equal to the ratio of the number ab low energy fusion neutrum generated per KT ab 
fusion yield t6 the number d fission neutrons generated per FT (d fUsfP1 yield. Tbis ratio is 1.05 x 
10"/1.3 x 10" or  about 8, thus, & = EA,. There are pr~bahly k r g c  errors  assockted with the choice 
d d u e s  for A2 and A, ht theae  ermra are not particularly important since the second and third terms 
d Eq. 4.5:4 are  small relative to the first. Almost all of the dose comes from the 14-Mev fuelon 

The values cd Ri0 and Ab were obtained by fitting Eq. 4.5:4 to Castle results. The d u e  d X, i 

An bas been indicated in TaKe 4.5:3, the o v e r 4  ermrsin the predictionab neutron dose fmm 

A, la chosen as an avenge d u e  for fissicm wenpone. Slnce the low energy fusion neutrons (to 7 

,r- 
1 wau obtained from fission weapon results. - 
L 

thermonuclear weaponu are believed to be much greater than those from fission weapons. 

4.6 RELATNE IMPORTANCE OF NEUTRON RADIATION 

The relative imporrance d neutron radiation must be judged by compaxlson with all other wea- 
pon phenomena capable d luflicting & w e .  Such phenomena include inltial gamma radiation, residual 
gamma and beta ladlation (fallout), thermal radiation, and blast damage. Several af these a re  in- 
commensulate since they invulve damage effects of entirely dlfferent types, and proper definMM d a 
comparative criterion is difficult. 

Comparison af neutron and -ma radiation, however, is relatively straightlorward. The 
apparent mean free paths for fission mduct and nitrogen capture -ma radiation are  much longer 
than those for  neutron radiation. '5 f The total neutron energy released at the point of burst, how- 
ever, is comparable to or  greater than the corresponding gamma energy. There e m s ,  therefore, a 
spherical volume Burmunding the point of bur& with& which the neutrm dose is greater tbvl ard wt-  
side of which the neutron dose is less than the gamma dose. Thin equal-dose radius dependent ma 
number of factors, including the weapon me, pnd yield burst height, md burat envirmment. 

Based on the res* d 
specific situations. Thua, for 
the equal-dose tndiw is less than 



weapon under the same conditiaas the equnl-dow radius is abrut 1800 fl. At 
iacreasesaa attenuation due tothe medium decreaees andthefixed attenuation 

due to dietance (the R' effect) assumes increased relative Importance. Somewhat dffferently we could 

.. 

However, the gamma doee is ala0 greatly enhanced because d the hgdrodpramie d e c k  The removal 
d the attenuating mediumby the blast wave occurs at a t h e  when the fiesion prDduct gamma swrce  is 
still relatively strong but when the neutrm source haaprobahlydfsappeared. Althoughthe uncertainties 
a re  much larger, b e d  on the results given in Sectim 4.5 ami in Chapter 3, one can estimate equal- 
dose radii for the high yield weapona comparable to those given above. 

A somewhat broader study d the damage effect. d low a d  intermediate yield weapona due to 
other mechanisms involved in the exploeim, in addition to neutron and gamma radiation, has been 
conducted by Uland.8 We may, following Lfland, define for  any particular phenomenon a critical radiua 
such that for smaller dintances from the point d bunt the damage is greater than a suitably defined 
critical lgvel, and for larger distances the damage in lees than the critical level. @st damage, 
neutron, gamma, and thermal radiatlan were oonsidered for yielda d 2 d 20 K", alUMes of 0 and 
40,000 ft, and low (thick explosive shell) and high (thin explosive shell) neutron flux ~eapons.-~The 
criltcal damage levels chosen are  400 rem for  neutrons, 400 rep for gammas, and 18 cal-em fa 
r - 

TABLE 4 . 6 1  

E Compulsan of CrtlIcal Rad11 Due lo Several Damage Mechanisms - - 
Crltlcal Rldlw. yd 

Nculron Gamma Thermal B h t  Dnmnge 10 B-19 Type ALrcmld1' 

KT Altltudc,fI ( 4 0 0  rem1 (400 rep1 (18 cal-cm-') N o 8 e - m  Mosl Vulnerable Orlenmtbn 
Yteld. Burs1 Dose Dose Radlano" 

--- 
20 0 700 1300 1700 850 2300 

flux 
L U W  neUVOn 20 40,000 i9OJ 2800 1800 1100 2100 

flux 

Htgh neuwon 20 0 I200 1400 1700 850 2300 

High neulron 20 40.000 3200 3300 1800 1100 2600 

n u  

n u  
High neutron 2 40. OW 2400 1800 BaO 500 1200 
flu 

"=Referencefor crlterla of b l a t  damage. 

/ thermal radiation. (Thermal radiation at this level ie sufffficient to h e a d y  damage 0.016-in. polished 
alumhum aircraft sldn. The blast damage criterion cannot be simply defined and the reader is re- 
ferred to Ifland's report for the details d this deffnttiar. 

e critical radiua for neutrons is less  

ewected, the relative importance d the neutron dose compared to the gamma dme increases wlth in- 
creasing altitude and wtth decreasing tbickness d the high explosive shell. At Ngh altitudes the neutron 
radius also tends to become larger than the critical rad iu  for thermal radiation and/or blast damage. 

6 
Resulta d the comparl~on are shown in Table 4 .M. 

than the critical radlun for  gamma6 except for the Ngh neutrm e ux, 2-KT weapon at high al t i tuu As 
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4. I NEUTRON ENERGY SPECTRUM - 
wertmenta l tes t  bur& previous to the Castleseries usually includedinstrumentation only for 

E p h u r  (3-Mev threshold energy) a d  Bold (0.3 ev cutdf energy) neutrons, thu~ mnitthg the entire 
energy mpectrurn between 0.3 ev and 3 Mev. (Gald neutrcms, as  indicated in Bectlon 4.3, cmtrkute 
negligibly to the MolCgical effect.) F l s a h  detectors, m c h  cover the mllssing range, did not yield 
results easily interpretable until the mapot series' nlthough they were tried at corrtle for thermo- 
nuclear weaporur but without very cmtntent  res@ Use of ftnEion detectors at  Teapot, however. 
established the energy distribution over the energy xauge of interest for sevexai weapon w e e .  ('rhe 
fission detector reaultll pleo estpbllshed the inwrkncee of these mectra with distance - w section 
4.3.3.) 

Table 4.1:l Bhowa the percent ab the &tmn flux and dose (in rep) in the various cmergy 
ranges of interest for  unboosted and h t e d  f i s h  based on the Teapot data. Conversim 
of flux to dose (in rep) may be accomplished by means listed in Table 4.39. The spectra 
a re  given independent of distance aud are  clpssified into three broad categories af weapon type. TN8 
classification tn almost certainly incomplete and subject to extension. At the preeent t h e ,  however, 
the effect of further differences in weapon tspe lles withiu the error  of the measurements. 

The Teapot results do rat show the energy dWrit&im ObOveGev d the 14-Mev fuelon neu- 
trorur from boosted fission weapons since no detector with a thresh- energy greater than 3 MeV 
(sulphur) was used. All  neutrons with energies above 3 Mev were included in the sulphur detector re- 
sults and examlnation of Table 4 . W  iudicates that the c o n t A ~ t i o n  of the 14-Mev neutrrme to either 

on6 is presently available on the neutron energy spectra from thermonuclear ~ e p p o ~ .  A. previously 
noted, spectrd invaarlpnce of fusion n e W a c p n n o t  be assumed at tbis time; it la probable that con- 
sideration of the variation of the spectrum wlth distance w i l l  be necessary. 

L-- 
4.8 DELIVERY RATES AND TEE EYDRODYNAMC EFFECT 

The preceding sections have dealt almost- exclusively with the neutron flux or  dose integrated 
over al l  time. Impllclt in thirr treatment has been the nsaumption that a l l  or most of the neutrons 
arrive at the receiver almost simultaneously wlth the tlme of burst, 1. e., bdom the blast wave has 
any appreciable effect. This appears to be a reasonahle aesumptlon on the basis of our present under- 
standing of neutron time behavior. 
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The follow'@ pangnpbm diacuSa the neutmn dellvery rate and  it^ relation&& to the hydr+ 
dynamic effect. The di~cussion will consider firat the prompt and then the delayed neutrons. W y ,  
some of the very limited experimental delivery rate measurements! will be presented. 

4.8.1 PROMPT NEUTRONS 

Prompt fission ncutmne are h e  wfiich y e  born at the time ai the fission reactfon  hi. 
E e a c t i o n  is completed very quickly, withfn 5 x IO s e d  The fusion reaction produces only prompt 

neutrom OIld proceeds even more rapidly than fission. Thus, all prompt neutrons are emitted es- 
sentially simultaneowly wlth the t b e  of burst. 

Those pmmpt neutnms from either fission or fusion which arrive at the receiver wbile s a  a 
high energy and correnpondbg high apeed (a 3-Mev neutmn travels at a speed of about 2.6 x 10' 
yd-sec-') must do so without suffering maay collisicns in tranait. It may be inferred, therefore, that 
they a d m  after only a very small transit time a d  before the b b s t  wave. (The speed of the blaat 
or shoclr wave la less than 10' yd-sec' except for very short distances from the point of burst.) 

The re- neutrons are either slowed down by collfaicma within tke weapon, or in the air. 
Thoee neutrons which are nlowed down in the weapon may become trapped in the bigh explosive shell. 
Thin entrapment la only tempo- and of short duration since even low yleld weapons e@ very 
rapidly, releasing the neutmne to the atmosphere fn the process. (A 20-KT fission weapon will have 
expanded to about 50 it in diameter in about 100 mlcroaecolda.) [hce the Low energy neutronn are 
released from the weapon, they travel at somewhat reduced averagevelocities. (Thermal neutrons, for 
example, &vel only at about 2400 yd-see-'between colliaiona. Their average speed is much less than 
thls since they travel more by the random process of Wuslon than by the relatively straight line path 
characterlstic d fast neutrans.) Thus, the low energy and particularly the thermal neutrons may fall 
behind the shock front and experienre blaet m v e  enhancement. '> lo 

The llfetlme of these (neutrons) in quite short, however, and so therefore is the time over 
which they are exposed the blast wave. The mean l i f e b e  of any neutron slolalng down in standard 
density air la only about 0.07 sec and is independent of its ortglnal energy. A neutron released at 
bomb thermal energy (approxbately 1 kev) will slow down to 0.5 ev in about 0.0027 sec. (For air at 
less than standard density, neutrom w i l l  live longer on the average.) Since the blast uave effect is 
quite small at short times after the blast, it may have some Influence on the lower energy prompt 
neutrons, but their short lifetime precludes any major blast wave effect. 

The neutrons whtch are  slowed down tn air behave in the same general fa&ia aa those slowed 
down in the high explwlve ahell, once the latter are  released from the weapon. The preceding die- 
cussion therefore applies in general to both neutmns slowed down in air and in the weapon caalng. 

It wwld seem ulat the prompt neutron flux and dose, due both to the biologically damaging fast 
neutrons and the less important low energy and thermal neutrons, should be delivered very quickly - 
well within one second. As a consequence, the blast wave effect should be unimportant for prompt 
neutrme. 

Traveling ahead al the blast wave, they should be unaffected by it. 3 

A small fraction of the f isnlon neutrom la emittedfrom the fission products rather than at the 
dme of the nuclear reactim.25,Z6 They are  therefore somewhat delayed in time of emission and 
appear later in the deUvery rate curve. 

Finalon of Ua, $'I, and Pu*" has, in each case, produced the same slx major groups of de- 
layed neutrons. The half lives of the precursors of these groups d neutron8 vary from 0.15 to 54 aec 
and the delayed ;leu+= s e r g l e s  vary from 0.25 to 0.62 MeV. The relattve abundance ai each group 
dependa on the fissionable material and to a much lesser eatent on the energy ai the neutrons causing 
fission. The most important characteristics of the delayed neutrons from UZs, vu1, and Pu2" are  
tabulated by group in Table 4.89. The relative abundance a! tk delayed n e u t m s  varies from 0.23 to 
1 . 4 1  percent of the total number of neutrons produced for  these three fissionable mxteriala. 

4.8.2 DELAYED NEUTRONS 

J 

I 



Hnlt M e  OfDelayed 
Neutron Precursor, sec 

54 

22 

5.8 

2.1 

0.45 

I 
L 0.15 

The attenuation of delayed neutron# is reduced relative to that of prompt neutrons by two nepa- 
rate dlecte of the b b t :  (1) the removal of tb hydrogenow high explosive shell, and (2) the com- 
pression effect on the atmosphere between the neutron scurce and the receiver. Thus the exponential 
for pi ompt neutrons traveling through the high explosive and the unperturbed medium is 

f -  

e -(peRe + ktm%tm) 

Delayed Neutron 
-%y, 

0.15 

0.66 

0.43 

0.62 

0.42 - 

I 
Percent a! lWal l%alon Nmtrau 

p."' - d" P 
0.09 0.01 0.01 

0.16 0.15 0.06 

0.13 0.23 0.04 

0.28 0.80 0.09 

0.09 0.35 0.09 

0.00 0.13 0.01 

- - 

- - - 
0.69 1.47 0.23 I 

where the subscrlpta e and atm refer to the explorive ami atmosphere, rrspectlvely. The exponentkl 
for  delayed neutronn In the n m - h o m g n e o u  atmosphere Ls 

and is a function d both p i t i o n  (r) and ttmr (t). The second exponsntlnl wlll be larger and in some 
cane8 it may conceivably be considerably larger thpn the ffrst. 

The mam!tude d these blast effects onthe delayed neutmn fluxand done has not yet been pmp- 
erly evaluated. Baaed on the little that we do how, the effects are believed to be e d  for weaponr 
of current deelgn, prlmarlly kuwe these wenpmu have thin high explorive cauirrgs and the corres- 

It would appear, therefore, that neither the relative abundance a! &e delayad neutrons nor the 
multiplybg effect d the blaet ir large enoughto d e  the delayed neutron doae a significant part cd 
the tow neutron dose. 

4.8 .3  EXPERIMENTAL RESULT8 

pondlng d u e  of fi& le relatlwly small. i L 

Expertmental data on delivery rate. are rare and not very reliable. Determination d delivery 
ntes by theoretical calculation la difficult and here, too, little ha8 been done. 



mrmal (both prompt rad delayad) neutron doltwry e word mrYurd at Groenhowe uulng 
fbsim fragment camem. l h p b h h d  ranula ahow a ddfnfts second mp.imum in Um delivery rate 
cum; thi. IEMCIIM t o m  rarsenhancement. ~ht. &dingtin& to nub.tpatlot. the argument 
given atow, namely that the the& nmtron# fall behind tha blprt wave dw to their relatively low 
velocity and random pDuL Attempt# we- b o  made at Orearhouse to memure iost neutrm delivery 
rates csing d". These rem were inconclruriw, however, became at cantaminaUcm d p' by d=, 
which ie aenaitlve to thermal ~utr- .  

Fim 4.8:l &OWE the renrlt. at ensentlally thermal neutron dellvery rate experiment. at 
w t e r  Baker11 (9.5 m ~ n d  at W e r  -r 4 ( a 0  known M &mer 1) (U m.5 

It i.aeen that for both Buster m e r  and Tumbhr-8Mppsr4 the dwe  wan received within abad 
one second d the burnt. Both *el&, however, wore too lor to elrpect MY recond maxfmum in the 
curves due to b b t  wave 8lhnacement. 

E blast wave enhancement cd tha neutron flux or d m  does occur rad i. in any way lmportpnt 
for  high yield burrt., the proper flux-and doae-dbtance equatlonr w i l l  not be in the form at either 

,~ 

r- --? 

I I 

0.51 I I I 1 1 1 1 1 1  I I I 1 1 1 1 1 1  I lihl 
10-1 10-1 1 LO 

Tm.. mIUlm.~ 

1 FIE. 4 . ~ 1  Thermal Neutron Dellvery Ratestrom Blister Baker and Tumbler-Snapper 4 

I w ,i 
Eq. 4.4:2 or af Eq. 4.49. They should reremble Eq. 4.4:3 in that the apparent mean free path at 
small dietancea should k longer thpn at Iarge dirrtancee. The change in apparent mean free path aith 
distance should, hwever, k yield dependent in a way not nuggeeted by either E q .  4.49 or  4.43. It 
would be posaihle in princlple, d course, to we Eq. 4.4:2 in combination wlth a hydrodynamic scaJi118 
factor as wae done in Chapter 3. Sufficient data for determining N& factor# are not k n m  at tbt. 
t h e .  
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Fig. 4 . 9 1  Neutron Flux Transmission 
Factors for Two-Man Foxholes 

L. nux Tranamirsion Factor i 

The protective affects d Bhielding have been iaveEtlpated2'J sqnrimenially primarily wlng 
sulphur (3-Mev threshold) and gold (thermal) neutrm detectors. As previously noted, these detectors 
do not cover theenergy range dgrentert  biologiullmportance and data obtained from them are  there- 
foredsomewhatllmited d u e .  In addition, there have been ofew experiment8 durtngthe Teapot rerles 
whlcb utllteed fission detectors fo r  the energies bdween thermal and 9 MeV. Direct biologcal experi- 
menta {see Beetian 4.3) to determine the .hielding effectiveness of military rtructures baw not been 
performed. A brcad mvlew madez9 d the data on neutron rhlelding q e r l m e n t d  results shzrply 
pointa up the very wlde scatter in the experimental results. In addition to t h l ~  lack d combtent ex- 
perimental resultd, thu far there has been M Satisfactory d c u l a t i o d  prwedure for the effectl d 
shielding on the neutron flux or dose. 

I 
1 

In these circum-er mly reprerentative experimental data from .peciflc test bursts and for 
the detectors actually used can be prerented. The material given can be applied, at l u s t  crudely, to 
future situations, although greater discrepaacies wil l  a N e  the further the conditione af interest a re  
fmm those under whlch the data were obtained. 

The data are  presented ln the form d flux transmission factors. ?he flux tmumission factor 
is defined ad the mtio af the flux h i d e  the shield to the open air  flux at the anma poaitim (both f l u e s  
in the Same specified energy w e ) .  TraMmisElOn factors a re  given for foxholes, vshtcle tren*&s, 
soil, and protective etructurei of various designs. 

Fig. 4 . 9 3  shows traMmLsslon factore for two-man foxholes Oblinul" by averaghg data from 
Teapot bursts 3, 11, and 12 (all tower sbote). The accuracy ln probably not better than a factor of 
1.5 for the sulphur and 1.3 for the gold neutron flux transmission factora. It is seen that the gold 
neutrane persist in quantity to caaeiderable depth& whlle the sulphur neutrms are attenuated more 
e-sily. The data show considerable scatter wid& seems to exhibit llttle correlation, even wlth dl.- 
tance from ground zero. Polnts are  nlso plotted for intermediate energy neutron between 4 kev and 
1 . 5  Mev and between 1.5 and 3 Mev, aa meaaured by I@*", Pu'", nnd d" fieelon detectors. 

,e-. 
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7 vehicle trenches at 700 fmm grouul aem were te.t.d for  .hl.lding d e c t  at Tappot 12 
(24 mZ7. 8ulphur neutronflux t.ma#mbslm facton va?led with P W l t h ~  fmm 0.25 to 0.57, M e  
@ trpnrml~ian fac ton  mrid fmm 0.69 to 0.86. 

haaemission factors for soil were measured at Upshot-KnotholeSo using sulphur and gold de- 
tectors. The meaaurementm were made for soil thicknessem up to 3-1/2 ft and distances from ground - 
zero between 400 and 750 yd. 'Ihe average nux transmtsdon factor reported for lrulphur neutrmm In. 
0 .1  per ft of moll. 

sulphur and gold nux transmisston factors for nevera protective mtructures both atmve and be- 
low ground were ala0 measured at  Tenpot 12. 27 Ihe  results of theme meaauremmtm are  presentedln 

L Ihs OCE ludergrmnd at~ctures were reMorced concrete cella wlth bepm-.upported, earth- 
covered d m .  Tbc c& were 10 ft wide, 21 ft long nnd 8 i t  high. zha thickness of the earth cover 
~nr l ed fmml t08f t .  

The WE-Duplex underground structure waa similar ln cmrtmt ion  but bad two rooms. The 
structure was positioned so that each room waa sue-on to the blast. ?be hllding waa 8 i t  wide, 19 it 
long, 7 ft high, and had 2 ft d earth cover. 

The two Navy h c o  a t m c t u ~  were abom grouul and of the -&-hut type, canrtructad of 
10 gauge (0.14 in) cormgated .teal plate. They were 25 ft aide, 48 ft l m g  and 12 ft Mgh. In one u s e  
3 1/2 f t  of earth cover wan used m the e m ,  wlth theearth thickness on the sides lncrep.ing to about 
15 L/2 it. 0 the other m e  there warn zero thickness of earth at the c r m  and abmt 12 It d earth at  
the sides. 

The Bureau ob DocJra rtructurs waa a preca8t concrete epble b l t e r  a t m e  ground. It waa 22 A 
wide, 48 it long, and 13.5 ft hish. 

The iwtnrment shelter was 9 it ride, ?&1/2 ft long and 12 112 f t  blgh. Et VPB ccmstructed cd 
2 1/2 it thick concrete and waa parMally underground. The portlan (d tbe side6 of the shelter pm- 
truding above ground waa banked rfth eartb but no earth cover waa wed on the shelter roof. 

; r -  
Table 4.9:l .  I 

Further Mormation on these structures la coutained in Gectlon S. 7. 
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Chapter 5 

RESIDUAL GAHMA RADSAlTON 

5.1 INTRODUCTION 

Fallout is the name applied to radioactive debrie from a nuclear detonation which, after some 
residence in the atmosphere, settles upon the earth's surface. It la a stgnffiennt source of radiation 
only for high yteld weapons, say of the order of 0.5 MT or  greater, and for bursts which are low 
enough to allow the fireball to intersect the earth's surface. &me fallout occurs in small but measur- 
able amounts at places thousands of miles removed from the point of burst. It la notat this time lmown 
to whatextent deleterious effects may resultfromthe radiotione associated with thisfar-rangingfdlout. 
The present study, however, is not concerned with fallout in relatively distant areas but rather with 
fallout in regions within a few hundred miles of the burst where activity is deposited in such amount8 
as to create an immediate hazard to health and safety. 

Unta the Greenhouse and Jangle test oeries (1951) there had been very little investigation of 
fallout phenomena. The particle and monitoring studies at Jangle and the accidental Contamination of 
a number of Marshallese, Americans and Japanese as a result of the Castle test focused attention on 
the problem. Considerable effort has been subsequently devoted to fallout. &me of the fruits of t h k  
effortas well os some of the remaining unansweredquestions are dealtwithindkcusion wbich follows. 

This chapter covers such matters aa the mechanisms by which fallout occurs, some of the 
devices used to compute and predic: fallout patterns with some results, the rate of decay of fallout, the 
means of scaling experimentally observed falloutpatterns to conditions other than those which prevailed 
durlng the experiment, the time of arrival of the contaminant, shielding, and some lesser associated 
topics. For most of the material there are large gaps in our current understanding, and what is pre- 
sented frequently contains ambitious extrapolations from what tm known. It is to be hoped that clth 
further time and effort our understanding of these matters will come to rest on a firmer basis. 

- 

I 

An excellent study of the physical phenomenology of fallout has been made in Project Aureole. - 
5 . 2  MECHANISM OF FALLOUT 

When a nuclear weapon explodes, the temperatures are high enough to vaporize the bomb and 
casing materials. As the hot gases rise and cool, these materials condense to particles of the order of 
one micron diameter at  most. These particles, in the absence of other large particles to adhere to, 
remain suspended in the atmosphere for long periods of time and, generally speaking, settle out in low 
concentration over much of the earth's surface. OccasionaUy, local meteorological conditions cause a 
heavier than average deposition at  some place. There then arises the phenomenon of fallout at places 
remote from the point of burst. 

If, however, the burst occurs sufficiently close to the surface that the earth is intersected by 
the fireball, earth is mingled in the fireball with the bomb and casing materials. The earth particles 
are very much larger than the bomb particles, probably because much of the earth does not v ~ p o r i z e . ~ , ~  
Active material accumuIates on or in many of these particles, rendering them highly radioactive. These 



J 

~ 

- particles fall in the gravitational field ulth veloclties modified by the air resistance. They are carried 
horizontally from the point of burst by the winds at the varioua altitudes through which tbey fall. 

The active particles begin Settling upon the earth In important quantity immediately after the 
burst, and about one day later the fallout pattern is essentially complete. The contour of the con- 
taminated region is, in most cases, roughly oval in shape (althouga substantial distortions from this 
shape may occur) with the elongated Portion indicating the downwind direction for the effective wind 
averaged over altitude. The area of contamination and (he intensity within that area depend principally 
on the wind field and the bomb yield. 

Rain, snow, or hail can accelerate fallout somewhat since active particles are caught by the 
precipitation and brought tothe ground more rapldly than otherwise. Higher intensities of activity may 
result over small areas. This scavenging may not be too important, however, because for the high 
yield bursts the active material probably spends much of the tlme at altitudes higher than those at  
which water vapor collects. 

The following is alisting of the principalparameterr which determine fallout dose and dose rate 
contours. Our knowledge of most of these parameters in quite scant, and our ability to predict fallout 
patterns is thereby severely Ilmited. 

1. 

2. Burst height 

3. Soiltype 

4. 

5. Height Of cloud 

6. Fraction of activity scavenged by particles Z 

7. Spatial distribution of particles within cloud 

8. Particle shlpe and density 

9. Particle distribution In size 

Yield and type of bomb 

Shape of cloud and stem 

. 10. Distribution of activity among particles by size 
11. 

12. 

13. 

14. Lateral dtffvaion of particles 

Law gwerning atmospheric resistance to fall of particles 

Wind vector field as a function of time and of the three space coordinates 

Response of particles to forces exerted by wind 

The items in the foregoinglist are notall independent. A complete specification of atmospheric 
and soil conditions, of weapon type and yield, and of burst position would, in principle, fully determine 
the problem. At present, however, it ts not known how to proceed to a solution from these initial 
conditions without making further assumptions about the details of the mechanism, and, in particular, 
without invoking most of the above parameters. 

5 . 3  COMPUTATfON MODELS 

A number of organizations have addressed themselves to the problem of computing fallout pat- 
terns from given data about the nature of the bomb, the burst, and meteorological conditions. The 
preceding section listed fourteen parameters an determining the f a o u t  pattern. Each of the compu- 
tation models which have been devtred treats some of these parameters differently from the other 
models. Hence, for some input ccaditions, tu particular for those conditions where the wtnd direction 
varies strongly with altitude, the results producedusing one modelcan differ markedlyfrom the results 



produced using another model. Figs. 5.3:1 and 5.3:2 present tm wind fields, Conditions A and B, -re- 
spectively, and the hypothetical fallout patterns based on these wnd fields and calcullted by several of 
the computation models. (The wInd fields shown were actunlly observed at potential target areas. ) It 
is clear that thereis a widedieagreement on thenature ofthe falloutpattern to be expectedin windfields 
such as Condition A (Fig. 5.3:l) .  On the Other hand, in spite of some spread In the results, there.is 
approximate general agreement on the pattern of fallout to be expected in wind flelds such asCondition 
B (Fig. 5 . 3 2 ) .  

These examples are cited for the following reasons: 

1. To show that there is nothing like unanimity of opinion as to how to predict fallout, In the 
poor state of our present knowledge it is necessary to usethe material of this chapter only 
in the realization that it represents best estimates and that it can contain considerable 
error. 

To point up the need for the development of bettrr techniques to compute fallout. 

To stress the need of extensive further observations at weapons tests to evaluate the para- 
meters of fallout, which are so Inadequately known. 

2. 

3 .  

There is no sound criterion atpresent available against whichto judge the validity of the results 
from the various models. The fallout from the Jangle surface shot w a s  fairly well recorded; there w a s  
a partial record made of fallout from the Castle Bravo shot in the Marshall Islands; and the patterns 
from some ofthe tower shots In Nevada were very sketchily recorded. ARDC claims to have duplicated 
the fallout patterns lor several of these shots including Jangle surface and Castle Bravo; Rand Cor- 
poration claimsto have reproduced the Castle Bravo pattern, gand USNRDL the Jangle surfacepattern. 
Yet these three agencies show no agreement Plhatever in Fig. 5 . 3 2 .  The reason for this disagreement 
lies in the large number of unknown parametek in the calculation. When the solution i s  known before- 
hand and with iudicious selection of values,almostany model can be madeto produce a desired pattern. 
Furthermore. because there are so many arbitrary parameters available, a given model can be forced 
to agree wi th  a good number of measured situationr. This gives no guarantee, however, until agree- 
ment has been found in many qualitatively different situatlons, that the model wi l l  necessarily produce 
a correct pattern i n  a situation where the result is not known a priori. 

It seems advisable to select from among the presently available models that which appears to be 
the most promising, even though the bases for selection are indirect. Evaluating the modela as to 
(1) the ex9erience of the agency, (2) the techniques and facilities ued by the agency, and (9) the general 
credibility of the assumptions, we 3re led to choose the Rand model from among those now existent. 
This shouldnot be taken as a blanket endorsementof the Rand methodor condemnation ofother methods. 
We believe that the Rand method can be improved by incorporating into it some of the better features 
of models of other agencies, that it can undoubtedly be improved as more information becomes known, 
and that events of the future need not necessarily estlblish i t  as the best of the methods now available. 
Nevertheless, i f  an interim reliance is to be placed on one of these methods, our choice would be the 
one developed by Rand. 

The Fund model contains the following features. ', 
1. 

2. 

Only surface bursts are handled (in common with most other models). 

The cloud and stem are taken as cylinders of different dimensions. The coarse over-all 
diameters used in the Castle Bravo computatlon, however, are noticeably less ulan those 
actually observed. 

Rand has a general scheme of cloud heights which admits variation with weapon yield, 
season, and geographical location. a 
The spatial distribution of pvticles within the cloud is exponential, following the surrounding 
atmosphere. 

3. 

4. 
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/./-*” 
Fallout pattern resultingfrom a 1-MT 
burst. Contours represent locations 
where 100 r is accumulated by 48 hr 
after the burst. 

Lengthof vector Indicates windspeed. 
(See scale). Number on vector gives 
altilude in thousands of leet. 
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Fig. 5.3:l  Wind Field W d  Fallout Pattern for Condition A 
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Falloulpaltern resullingfrom a 1-MT 
bursl. Contours represenl localims 
where 100 r is accumulated by 40 hr 
after lhe bural. 

Lengthof vector indicates wtndspeed. 
(see scale). Number on vertor yi\'es 
allllude In lhousands of lee l .  

Fig. 5.3:2 Wind Field and Fallout Pattern for Condition B 

5. The cloud contains 90 percent of the activity. the stem 10 percent. ARDC has assumed 80 
percent inthe stem and 20 percent inthe cloudfor surface bursts. It is principally because 
of disagreement over this parameter that such large difference6 occurred in the proposed 
solutions to the previously cited example. 

Particles are taken to be spheres and a corresponding aerodynamic law of f a l l  is used. The 
assumptions of Technical Operations and USNRDL of irregularly shaped particles with 
corresponding laws of fall  seem superior. 

The activity distribution by size of particles is chosen ad hoc to fit the Jangle surface shot 
fallout pattern. It would seem preferable to use the size distribution observed in the 
USNRDL sampling even if there is some question as to the adequacy of the sample size. 

Particles a re  assumed to move laterally with the local wind velocity (which varies with 
altitude) but without diffusion. 

The wind may be varied in time. 

The computation is coded for a high speed computing machine. thus ad3ing immeasurably 
to Its value. 

6. 

7. 

8. 

9. 

10. 

Comparative discussions of other models can be found elsewhere. 

For defensive purposes it wi l l  be necessaryto have a means of computingfalloit which 16 much 
quicker than the method indicated above. Either a rapid and reliable approximatlon or an analOgUe 
simulator or both are desirable. Unti  such time a s  our understanding ha8 progressed to the POlnt 
where we are able to compute reliable patterns by long and tedious methods on digital computers. how- 
ever, there can be little hope of developing the required short methods. 
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5 . 4  DECAYQFACTNtTlES 

Some of the most important tnformation related to fallout is that concerned with the decay of 
activity. The reasons for its importance are twofold (11 i t  has direct application in many operational 
situationm, and (2) the facts about it arc quite well  known. 

A source of activity, by the very reason of its radioactivtty, becomes weaker with time. The 
process I s  referred to 98 dxay. The &cay characteristics of most nuclides which might be found in 
fallout debris are rather well known. It ts therefore possible to construct total decay functions and 
simplified analytical approximattom forthem and to glean subetantld results from their manipulation. 

The low energy components of the flssion product gamma radiation have not been thoroughly 
studied up to this time and their contribution to the total radiation remains unknown. As a consequence, 
there is some uncertainty in the averagefission productenergy and in the tlme variation ofthataverage. 
Nevertheless, barring quite radical changes In the radiological potentialities of the weapon, the results 
presented in this section should be applicable within moderate limits of error - perhaps 25 to 50 per- 
cent. 

Some of the questions that can be answered by the methods of this section are as follows: 

1. 

.- 

If the dose rate at a given location and time after burst is known, what is the dose rate at  
any other time at  the location? 

If at w m e  location the dose rate is known at a given tlme after burst, how much dose w i l l  
be accumulated at  the point during any time interval? 

If the time required to reach an uncontaminated zme from some point within the fallout 
area by the most direct route is known, together with the shielding availnhle during transit 
and the shielding available at the starting point, at what time should evacuation be under- 
taken to minimize the accumulated dose? - 

2. 

3. 

d 

One very importantrestriction must be placed on the !Me of the methods described below. They 
should not be applied at  any time before fallout is substantially complete. Before then, the dose rate 
expressed a8 a function of time depends mainly on rate of transport of material by the wind and very 
little on decay. 

Experimental mevlurernentslo have been made of the activity encountered at Castle Bravo due 
to fission producta and material activated by bomb neutrons. Based on these measurement6 and on the 
assumption that the average gamma ray energy is not a strongly variant function of time, the corres- 
ponding dose rates can be calculated. Fig. 5.41 is a plot of dose rates based on the Castle Bravo 
measurements; the rates are presented as the ratio ofthe dose rate at time t tothe dose rate 1 h r  after 
the burst. This ratio is called F(t) for convenience. Thus, 

(5.41) 

where 

b(t) = dose rate t hours after the burst  

D(H+1) = dose rate 1 hr after the burst. 

Therefore, If the dose rate is known at any one time ti,, it can be found for any other time 'a 
from Fig. 5.4:l and the simple relation 
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Time nller Burs1 I. hr 

Time Pflcr Burst 1. hr 

+ 1.t) pB a of Fig. 5 . 4 2  
D(H + 1) 

Fig. 5.4:l F(t) a8 a Function of Time after Burst Time after Burst 

- - 

Fig. 5 . 4 9  is a plot of the variation with time of the dose accumulated between 1 hr after the 
burst and any later time 1, divided by the dose rate at 1 hr after the burst. Thus, Fig. 5 . 4 2  presents 

t 

t W H + l ,  ti - - L + l  fNt ' )d t '  - - 
i)(H+I) b ( H + l )  L+l 

F(t'J dt' ( 5 . 4 3 ,  

where D(H+I ,  ti = dose accumulated between 1 and t hr after the burst. 

If. afler the fallout is complete, the dose rate 18 known to be $tkJ at some time k, then 

and the dose accumulated between 1 and t hr after the burst is 

I 



Similarly we may calculate the done accumulated at0 givenlocation during anytime periodafter 
fallout is complete. ~f the dose rate at a given location atany time k plter U o u t  is complete is b(b), 
the eqression for the done accumulated during the time period k to t,, (h > &) is 

Thus, ah, t,,J can be found from the known value of and from Figs. 5 . 4 1  and 5 . 4 2 .  

Finally. If there is an uncontaminated area within a reasonable distance, i t  may be of importance 
to evaluate the destrabllity of remaining in a place of shelter within the fallout field an compared to 
evacuation. It is possible, using the relations given above, to determine the time at which the shelter 
should be evacuated to minimize the total dose received from fallout. As above, this method can be 
applied only if fallout is complete before the time of evacuation. Assume the following: - 

~ 

1. that the transmlsslon factor availnble within a shelter at a point tnslde the fallout field in 
T, uld that the transmission factor available durlng transit (the shelter afforded by a ve- 
hicle) is T,. (The dose transmission factor of any shielding structure Is defined an the 
ratio of the dose rate inside the structure to the dose rate outaide.) 

that the dose rate encountered in transit through the contamhated area falls off linearly, 
with time of trmsit, from thc dase rate a t  the point of departure. 

. 2. 

Then, if 

tk = some time after fallout is complete and at which the dose rate Is known at the point of 
interest 

t p  = any convenient time Uter fallout is complete at the point d interest 
t m  = time at which the point Is to be evacuated 
in = time at which the uncontaminated area Is reached 

6(tk) = known dose rate at time tk 
DA = dose accumulated from time tl to time t, lq the absence of shielding 
DB = dose accumulated during time of transit if there Is no shielding during transit 

DT(tm) = total dose accumulated from tl to the time that the uncontaminated area is reached tn 

I 



D ( t ) = D  + D B  T m  A 

It is  clear from physical considerations that If T, T, evacuation shculd be Immediate. u 
however Ts T, it is necessaryto examine the derivatives d Eq. 5.4:8 with respect to t, to determine 
the optimum evacuation time. For this condition the optlmum evacuation time I s  found to be that at 
which t, satisfies the following equation. 

I 

Fig. 5.4:3 is derived from Eq. 5.4:9 and gives the values cf b, the time after the bomb burst 
at which evacuation should be started to minimize the dose received, as a function of Tv/Ts. The 
transit time t,, - t,,, is given as  a parameter. - - 

Even in the absence 01 adequate methods to predict dose and dose rate patterns, the Information 
which is available about decay rates 1s extremely useful. It is to be presumed that in the event of a 
nuclear attack by an enemy power, affected areas wlllbe meteredfor dose rates atthe earlie6tpOSSible 
moment. The knowledge of the time behavior of the metered activity would then permit informed on- 
the-spot planning of personnel and material disposition. 

PROBLEM 1 

The dose rate is known to be D($) r-hr-’ at a given location at (1) H+l hr and (2) H+ta hr. 
For each of these two cases calculate the corresponding dose rate b h r  after the time of burst. 

Solution - 
1. 

2. 

From Fig. 5 . 4 3  read F(Q, Le . ,  the value of F(t) when t = tb 

For case (1) the required solution is 

fXbJ = b(ta) Rbl 

3. For case (2) read from the same figure F(tJ as well as  F(b) .  The required solution is 
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Qmmum m e  for Eslcvltlan (m, hr 

Fig. 5.4:3 Cptimum T h e  for Ewcuatlon ofa Slelter Within the Fallout Fleld as a Function a[ 
T,/T, and the Transit Tlme $, - 

Example -- 
The dose rate at a point is required at H+10 hr. The dose rate at that point is known to be 

400 r-hr-' at (1) H + l  hr and (2) a t H + 5  hr. (Fallout Ls complete by H + 1  hr.)  

From Fig. 5.4:1, F(10) = 0.04 1. 

2. For case (1J the dose rate at 10 hr 1s 

&lo) = (400) (0.04) = 16 r-hr-' 

For case (2), F(5) =, 0.13 and the dose rate at 10 h r  is 3. 

D(l0) = (400) (0.) = 123 r-hr-' (0.19) 

PROBLEM 2 -- 
The dose rate at a point within the fallout field Is known to be &t,J r-hr-' at  time $. It is 

to $,. Fallout desired to how what the accumulated dose at  that point wil l  be in the time interval 
was complete at that point before time t!, which was earlier than $ or tm. 

I 



Solution 

1. 

2. From Fig. 5 . 4 2 ,  find the values of J tn  F(t) dt and lL F(t) dt. 

3. 

From Fig. 5.4:1, find F(&). 

B+1 A + 1 .  

The required accumulated dose is 

Example 

Fallout waa complete at a point at  R + 5  hr. The dose rate at  that point at H + 6  hr  is 50 r-hr-'. 
How much dose accumulates at the point between A + 5  and A+ 10 hr? 

1. From Fig. 5.4:1, F(6) - 0.09 - - 

F(t) dt = 1.5 ,  F(tJ dt = 1.2 

H + 1  

2 .  From Fig. 5.4:2, 

A + 1  

3. The required accumulated dose is 

D(5,lO) = - 50 [1.5 - 1.21 = 161 r. 0.09 

PROBLEM 3 -- 
Fallout was complete a t  a point before time tl. There is a shelter at  the point whose shielding 

affords a gamma ray transmissionfactor of Ts. An evacuation vehicle is available and It  ha^ a gamma 
ray transmissionfactor of T,. Assume that there I s  an uncontaminated area avaliable and that i t  takes 
t,, - tm hr to reach this area. Further, assume that during transit the dose rate (outside the vehicle) 
falls off linearly with time from the dose rate at the point of departure (outside the shelter). At what 
time after the burst should the shelter be evacuated to minimize the total dose recelved? 

Solution - 
1. Compute the ratio Tv/T,. 

2. For the value OS Tv/Ts and the known values of h - L, find the corresponding value of 
from Fig. 5 . 4 3 .  



Example -- 
A shelter affords atransmissionfactor of 0.08. An evacuation vehicleis avallable whichaffords 

a transmission factor of 0.8. It will take 8 hr to reach an uncontamlnated area. At h a t  time after 
the burst [and after fallout is complete) should the shelter be evacuated to minimtze the total dose 

r received? 

1. 

2. 

The ratio TV/Ts = 0 .8 /0 .  OB = 10 

From Fig. 5.4:3 for TV/Ts = 10 and t,, - & = 8 hr, the value of tm is 28 hr after the time 
burst. This is the time a t  which the shelter should be evacuated, Note that the resultis in- 
dependent of the dose rate. It holda as long as the radiation decays in time in a manner 
which 18 proportional to fit), Fig. 5.4:l .  

5 . 5  ISODOSE RATE CONTOURS 

The isodose rate contours, along with the total integrated dose rantours to various times 
provide the greater part of the results of a fallout computation. The Rand Corporation calculationsli 
appear to be the most comprehensive and possibly the best of those currently available. 

It wil l  probably never be possible to calculate a dose o r  doae rate pattern that can be believed 
literally in detail. However, a fair indication of areas of lethal, dangerous, and tolerable dose, som: 
general notion of dose gradient, and an idea of the perturbations in pattern shape to be expected from 
input perturbations, like changes in the speed or direction of the wind, can well be hoped for. 

Local differences in conditions within the fallout area also lead to very significant local fluctu- 
ations in patterns. 

If a pattern is desired for a specific set of conditioas, the pattern should be computed specifi- 
cally for those Conditions. There is a t  present no rapid way to make such a calculation. There is no 
very accurate way of deducing a pattern for one set  of conditions from a known pattern for a different 
set. In short, until. our grasp of the mechanics of fallout computations becomes much more sure and 
sophisticated, i t  is advisable to Aevelop and maintain a rather extensive library of fallout patterns 
computed for many different situations. 

Figs. 5 . 5 1  through 5.5:4 are dornwind isodose rate oatterns at  A + 1  hr. They are for two 
different yields and two different effective wind speeds. They are scaled from an idealized version of 
the experimentally determined patterns encountered at  Castle Bravo. l2 As such, they do not purport 
to be the patterns encountered for any specific set of conditions. Rather, they are presented as an aid 
in making only roughly quantitative evaluations of the general potential of high yield weapons. 

Except in the unusual situation when there are practically no winds aloft, the region around 
ground zero is contaminated chiefly by the large (say above 500-micron) particles which f a l l  out of the 
cloud and stem. These particles f a l l  so rapidly that they are little affected by the wind field. The ex- 
tent of the pattern is determined roughly bythe maximum dimensions of the cloud. The pattern centers 
close to ground zero, subject only to relatively small displacements by the wind; the controlling para- 
meters are the SOU, which determines the number of large particles available, and the yreld, which 
determines the extent of the cla-d. The downwind pattern, 'on the other hand, Is controlled principally 
by the wind field. 

The calculation-of fallout patterns close to ground zero proceeds in much the same fashion as 
the calculation of downwind patterns. Adcurate knowledge of large particle sizes and activity is con- 
siderably more crucial, however. For calculation of downwind patterns it is assumed that there is 
a time and height of cloud stabilization from which particles start falling. This assumption is not 
applicable lor ground zerofallout patterns because thelarge particles begin to f a l l  back to earth in im- 
portantquantities very soon after the burst and before the cloud haa attained anything close to maximum 
height. The oYection can be partly met by deliberate alteration of the assumed spatial distribation of 
large particles. It ts approprlateto rnake provisionfor these differences when setting up a computation. 
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Statute Mile8 

200 P!m 
Statute Miles 

Fig. 5 . 5 2  DownwindIscdose Rate Pattern at H + 1 hr for 
Burst, 30-Knot Wind. Contours dve dose rates in r-hr-l. 

Fig. 5.5:5  is a ground zero isodose rate pattern at H+l hr  for a 15-MT blast scaled by AFSWP 
from the Ivy Mike shot. l 2  It is presented a8 the standard for planning in the 0 . 5  to 100 MT range. 
Since the ground zero pattern depends heavily upon the fraction of large particles available, Fig. 5.5:5 
is strictly applicable only to coral sands such as those encountered in the Marshall Islands. 

It is important to note that the isodose rate pattern6 in Figs. 5.5:1 through 5.5:5 are drawn for 
a reference time of H + l  hr. Thsse patterns represent the dose rates a t  H + l  hr if the fallout were 
complete by that time, a condition which is rarely the case. For those cases where the falloul is 
complete by H + l  hr and the dme rate is desired at H+l hr  the value is read directly from the appro- 
priate figure; For thoee cases where fallout is complete by H + l  hr and the dose rate is desired at a 
later time the dose rate valu? at  H + 1  hr  is corrected by the methods described in Section 5 . 4  and the 
curve given in Fig. 5 . 4 : l .  For the more usual situation in which fallout is not complete by H + l  hr 
the dose rate can also be determined from Fig. 5.5:l  through 5. 5:5 and Fig. 5.4:1, but only for times 
after fallout is complete. Figs. 5.5:l through 5.5:5 cannot be used to calculate isodose contours for 
any time before completion of fallout. 

I 



J 

~~ 

Statute Miles 

Fig. 5.5:4 Doamwlnd lsodose Rate Pattern at H + 1 hrfor 1.5- 
Burst, 30-Knot Wind. Contours give dose rates in r-hr-'. 

It is worth remarkingthat in none of the diverse models of computingfallout and for none 3f the 
weapons considered, h a s  any agency reported4 a region where the H+l hr dose rate substantially 
exceeded 10,000 r-hr-'. There is no obvious physical mechanism which forces such a limit, and it 
may be that its apparent existence is merely fortuitous. Nevertheless, Its persistent recurrence re- 
quires mention. 

5.6 DETERMINATION OF EFFECTIVE WIND VECTORS, TBE AREA OF FALLOUT AND TBE TIME 

OF ARRIVAL 

Military and civil authorities whose installations lie in the vicinity aI a high yield atomic burst 
require specific information m the probable characteristics of the fallout, if d u m  defense meas- 
ures are to be taken *en necessary. Prompt determination of the fallold characteristics and efficient 
use of the time before fallout commences can l e d  not only to the saving of lives butto the maintenance 
of the installation in a more operational condition following fallout than might otherwiae have been 
possible. 

The specific questions of primary importance are as follow: 

1. In what directim from ground zero will the fallout occur, 1. e., what are the effective wind 
vectors? 
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Statute Miles 

Ground Zsm Isodose Rate Pattern at E t 1 hr for 15-blT 
rat. Contours give dose rates in r-hr-l. 

2. Over lahat areas w i l l  the fallout occur, both in the vichity d ground zero and in the area 
of amwind fallout 7 

3. What wffl the fallout t h e  period be, 1. e., when will it first arrive and how long w i l l  it last, 
both in the vlclnity of ground zero and the downwind fallout area? 

4. Whatare the dose rates to be expected in the fallout areas, both grarnd zero and doamwind? 

The first three of these questions a r e  covered in the material that follows. The last question 
has been discussed to the degree presently possible in Sections 5.4 ana 5.5. 

In general these questions hve to be answered in the order presented h t t h e i r  relative impor- 
tance w i l l  wry depending on the situation. As the distance from gmund zero increases, me impor- 
tance will tend to shift from (4) toward (1). Thus, if the instpllation is in the vicinity of ground zero, 
fallout wil l  occur almost immediately and tk only question of importance Involvesthe dose rates to be 
expected. At somewhat greater distances but stlll close enough so that fallout, if it does occur, will 
come shortly after the burst, the prime consideration 1s the length aI time aMikble for preparation. 
For very distant locations the major question is the direction from ground zero in whichfallout will 
occur. . 

There is another factor whichvaries withdistance from ground zero, namely the time availnble 
to determine the answer6 to the questions given above. For points close to ground zero very little 
time can be devoted to calculations since immediate action is required. Thus, only the simplest and 
quickest calculational methods are  possible, which necessarily introduce the largest uncertainties into 
the results. The dangers inherent in such fast but inaccurate results may be considerable. It may be 
advisable, therefore, to determine for each installation an extensive catalog of calculated results for 
relatively nearby bomb bursts, based on prevailing weather variations and the most accurate methods 
available. The presently avallable methods may be used for hitla1 determinatione of such a catalog 
for simple wind situations but more accurate methods are needed and should be actively sarght. 

Completely adequate methods of determlning quantitative answers are unknom at present and 
the best ofthe awllable methods are  quite complex. The paragraph below attemptto presentrelative- 
l y  simple methode of obtaintng the required information. It should be emphasized, however, that these 

- 
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methods are applicable only to correspondingly Simple wind fields. Where the wind field is complex, 
then! appears to be no simple way d replacing the field with PI1 effective wind vector o r  vectors and a 
more detailed calculation than given here seems mandatory. 

The data required to estimate effective wlnde, fallart areas, and fallout time periods are: 

1. distance and direction d the inatallatim from point of burst, 

2. wind field between point a[ burst and the inatallatim, 

3. height and diameter of atomic cloud at time d stabilleation, 

4. size range d fallout particles and 

5. rates of f a l l  d partlcles in size range and for altttudes of interest. 

Items 1 through 3 will be known in general only after the bomb burst or  maybe assumed for calculation 
of given situations of interest before the event. nema 4 and 5 a re  characteristics which a re  known 
before the event. 

5.6.1 DETERMINATION OF =E EFFECTIVE WIND VECTOR 

Wind speed and direction may wiry markedly with altitude at a given location. The composite 
of directions and speeds is known as the wind field and ulis field is of primary importance in deter- 
mining the fallout pattern. It is to be expected that the wind field wlll not necessarily remain constant 
over any large area such as  that between the point d burst and the installation. In a real situatlon the 
wind data available wffl be fragmentary at best and may have been measured at some distance from 
either ground zero or the installation. Under these circumstances nothing is gained by considering 
the additional compllcations intrcduced by varlationa in wind field and the assumption will be made, of 
necessity, that a wind field is known which does not vary over the enUre area between ground zero and 
the installation. 

With a knowledie of the wlnd field and the fallout particle characteriatlcs it fa possible to cal- 
culate the effective wind vectors. An effective wind vector la defined as the single vector which would 
produce the same fallout pattern a s  the wind field itself, for al l  particles starting at a given altitude. 
It should be noted that the effective wind vector ts thus a function d altitude. 

Table 5. &la ,  based on USNRDL calculations, presents the time required for particles of irreg- 
ular shape to f a l l  through \arious altitudes in the atmosphere. The data a re  presented for particles 
frcm 50 to lC00 microns in diameter. (The 50-micron dataare extrapolationsaf the USNRDL results.) 
m e  these data a re  thought to cover most the w e  interest,13 a d d i t i d  information rm the 
fall rates of particles less than 100 mlcrons in diameter is highly desirnble and fallout calculations 
should include the range d smaller particle sizes. Examination cd the data in Table 5.6:la indicates 
that, for the particle sizes and altitudes considered, the relative amount d time spent in any layer of 
altitude is almost independent of particle slze. Table 5.8:lb gives the fmctional total fall time for 
each altitude zme. These a re  averaged d u e s  for all partlcles between 50 and 1000 microns; they 
a re  given for particles starting their f a l l  a! 20,000-it intermla with an upper limit af 100,000 ft. 

From Table 5.6:lb and a known wind field, which ts not too complex, an effective wind vector 
for each of the 20,000-It intervals in altitude can be calculated. Thus, to determine the effective wlnd 
vector for a given altitude multiply each wind vector at that altitude and below by the corresponding 
fraction of total fall time found from Table 5.6:lb. Adding the weighted w i d  vectorially will glve the 
effective wind for the particles falling from the given altitude. 

PROBLEM 4 

- - 

A high-yield bomb has been detonated sufficiently close by so that a particular installationmay 
lie in the fallout field. The location d the burst, the height and diameter of the atomic cloud at, or  
close to, the time d stabilizatim, and the wind field in the area between ground zero and the installa- 
tion are known. 
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TABLE 5.6:l 

CharaCteriStiCs d Irregubrly shaped Falling Particles 

a. Partial Fall Time as a hurctim of Particle Size 

Partlpl Frill Time, hr 

Partlcle Size, Fmm,ft  20,000 40,000 60,oOO 80,000 100,000 
microns To, it 0 20,000 40,000 60,000 80,000 - - -  - -  

1,000 0.31 0.24 0.19 0.14 0.08 

700 0.47 0.34 0.27 0.20 0.15 

400 0.80 0.63 0.50 0.37 0.28 

200 1.67 1.33 1.00 0.87 0. e9 

100 4.00 3.44 2.63 2.32 2. 55 

50 (11.) (9.5) (7.5) (6.5) - 
(extrapolated) 

b. Fractlon of Total FaLl Time Spent in Each Altitude Zone as a Function of Initial Height of Particle 

Fraction d Total Fall Time Spent in Falling 

Initial Particle From, f t  20,000 40, 000 80,000 80,000 100,000 
Height, ft To, ft 0 20,000 40,000 60,000 80,000 

100,000 0.31 0.24 0.19 0.15 0.11 
- - - -  

80,000 

60,000 

40,000 

20,000 

0.34 0.27 0.22 0.17 - 
0.42 0.32 0.26 

0.56 0.44 

1.00 

- - 
- - - 

- - - - 
c. Total Fall Time as a Function d Partlcle She  

Total Fall Time, hr Particle Size, 
microns From, ft  20,000 40,000 60,000 80,000 lG0,OOO - - -  

1,000 0.31 0.55 0.74 0.88 0.87 

700 0.41 1.08 1.08 1.28 1.43 

400 0.80 1.43 1.93 2.30 2.58 

200 1.67 3.00 4.00 4.87 5.56 

100 4.00 7.44 10.07 12.38 14.94 

50 
(extrapolated) 

(11.1 (20.5) (28.) (34.5) - 



Compute the effective winl  vectora for particles faUngfrom severs1 heights, starting from the 
maxhum cloud height 

Solution 
. ,  

1. Tabulate the wlnd directioi. and speed as a function d altitude wlth the height of the top cd 
the cloud as an upper llmlt. 

2. Group the wind vectors in 20,000-It altitude intervals. Determine the average wind vector 
for each altitude interval. The average wind vector may be determined by inspection if the 
spread in direction is  not large or by vector addition and averaging U the spread is large. 

3. Multiply the average wlnd speeds from (2) by the welghtbg factors (fraction of total fall 
time) foA* the corresponding altitude zones and starting altitudes found in Table 5.6:lb. Do 
this fm particles starting at the top d each altitude interval. 

4. Add the winds resulting from (3) vectorially for each starting altitude. This can be done 
either graphically on polar coordinate (circular) graph paper or numerically. The vector 
sum glves the effective wlnd speed and direction for  patticlea starUng at the several alti- 
tudes. 

Example 

An installation lies 200 miles due east of the point d a high-yield atomic explosion and thus 
possibly within the fallout path.. The Installation commander has been given the following information. 

1. The active c l a d  w i l l  probably attain a maximum hetght of 80,000 f t  and stabilized diameter 
d 60 miles. .- A 

2. The wind field in given below for  5000-ft increments of altitude. 

Find the effective wind vectors forparticles fall!ag from 8O,OOO, 60,000, 40,000, and 20,oOO It. 

1. The wind field in as  follows: 

Alt i tde ,  
thouaand f t  

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 

65 
I O  
75 
80 

/ e o  

Wind Speed, 
miles-hr-' 

0 
11 
20 
14 
19 
34 
41 
37 
27 
23 
28 
20 
11 
21 
I 
8 
10 

Wind Mrection, ' 
- 
10 

325 
280 
265 
2 w  
26 5 
30 5 
290 
310 
300 
280 
285 
305 
295 
285 
250 

Note that the wind direction in measured from the compass heading from which the wind 
arrives, with 0' being due north and 90" being due east. 



2. 

3. 

The wind fields averaged over 20,000-fl altltude zones a re  an followa: 

Altltude, wid  w, Average Wind 
thousand it  milea-hr-' Direction, 

0 - 20 la SO5 

20 - 40 53 275 

40-80 22 285 

8 0 - 8 0  12 285 

The average w3nd vectors for the three altitude &ones between 20,000 and 80,000 f t  were 
determined by inspection, since the variation in wind direction is not large. The average 
wind vector for 0 - 20,000 it required vector additton because d the k rge r  spread in wind 
direction. 

Using the results of (2) and the weighting factors from Table 5.8:lb, the welghkd average 
wind speed is cdculated for particles starttng from the aeveral altitudes. 

Particle Average Weighted Average Average 
Starting Altitude, Altihde Zone, Wind meed, Weighting Wind Speed, Wird 
thousand ft thwmld ft miles-hr-' Factor miles-hr-' mrectton, * 

80 0 - 2 0  12 0.34 4 .1  905 

33 - 0.27 8. 8 275 20 - 40 

40 - 60 22 0.22 4.8 295 

60 - 80 12 0.17 2.0 285 

- 

60 

40 

0 - 20 12 0.42 5 .0  305 

20 - 40 33 0.32 10.6 275 

40 - 60 22 0.26 5.7 285 I 
0 - 20 12 0.56 6.7 305 

20 - 40 33 0.44 14.5 275 

20 0 - 20 12 1.00 12.0 305 

4. By vector addition, as shown in Fig. 5.6:l for Sq 000 it, the effective whds for particles 
starting from each of the sevelal altitudes are  a s  follows: 

Partlcle 
Starting Altltude, Effective Wind Effective Wind 
tllcNsand ft Speed, miles-hr-' Dlrection, 

BO 20 280 

60 21 285 

40 21 285 

20 12 305 



fig. 5.6:1 GraphicalDetermination of Effective Wind Speed and Direction for Particles Falling 
from 80,000 ft (Problem 4) 

5.6.2 DETERMINATION OF TBE FALLOUT AREA 

Fallout m a y  be cmsidered to occur over two separate areas - the region around ground zero 
and the regicn amund the effective wlnd vectors. It is moat convenlent to discuss these areas sep- 
arately as  the fallout characteristics of each are quite different. 

The immediate area around ground zero will almost certainly experience faha t .  Further, 
this fallout may cover a wide region; it occulg very shortly after the burst and is essentially fndepend- 
ent of the wind field. The rapidity and wide coverage d thia fallout is the result of two factors -the 
very rapid initial expansion of the cloud diameter, pamcularly after it has reached its stable (maximum) 
height, and the very rapid fall of the heaviest particles in the cloud. These particles start falling be- 
fore the cloud has even begun to approach lts stabilized height. 

WhUe the available data are  Incomplete, experience at Castle gives the magnitudedthe ground 
zero fallout area. A 15-MT weapon will produce a cloud with about a 7 0 4 e  diameter at 10 min d t e r  
the burst. Moreover, although the cloud has reached its stable height by this time, its diameter may 
still be growing rapidly. It Is the diameter at the erd of the period of rapid expansion which is of 
most interest, since it determines both the maximum extent of the fallout around ground zero and the 
time at which the normal atmospheric dispersing forces become important in determining the downwind 
fallout. 

The stabillzed cloud diameter is a function of both weapon yield and atmospheric conditiona, 
particularly tropopause height. Unfortunately, the data available on cloud diameters for high yield 
weapons are not complete, glving values at 10 min rather than at ule end cd the growth perlod. Further, 
no correctlons for atmospheric variations are made. In the absence of anvuling better we are  forced 
to use the 10-mln diameters, even though these data will tend to underestimate the fallout area around 
ground zero. It is suggested, therefore, that the area around g r d  zero which receives immediate 
fallout be taken as  having the diameters shown below as  a function of bomb yield. 
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TABLE 5.8:2 

Atomic Clmd Mameters far High-Yield Weapons at 10 min after Burst 

Cloud Diameter, 
Yield, MT miles 

1 20 

5 30 

10 50 

15 70 

As is true for the other aspects of fallout, there a re  no completely reliable calculational meth- 
ods for determination of downwind fallout, but there are three alternative appmdmate methods which 
can be suggested. "be methods differ in the length of time requlred aud the prohable accuracy of the 
results, the quickest method glvlng the roughest result. Choice of a particular method w i l l  depend on 
the urgency of the individual situation. 

The first two methods (A and B) define the entlre fallout area in order to determine if fallout 
will occur at a given location. Method A gives only the outside angle of the probable fallout area. 
Method B, while somewhat more involved, glves an indication of the length of the fallcut area as well 
as  its width around the effective wind vectors. If the installation falls either within o r  some distance 
away from the areas found by either A or  B, the probabfflty of fallout occurring is clear. If, on the 
other hand, !be installation lies near the boundary of the falloul area, the judgment of the observer is 
required to estimate the possible danger. FurJher, neither method as presently outlined requires any 
statement 4 the distribution of the active mafeertal with altitude at the t h e  of stabilization. (It is im- 
plied, however, that there is some active materfal at all heights below the -mum height d the 
cloud.) When the actual distribution of activity with altitude is definitely determined, the effective 
wind vectors for  d t ihdes  with unimportant amounts of active materials may be neglected. Present 
indications a re  that a large part of the activity is cmcentrated in the cloud; based on thls, the effective 
wind vectors for the highest altitudes should be more heavily weighted. In the examples presented in 
this sectlon the effectlve w5nd vectors will, however, all be given equal weight. 

not occur a t  a given installation h t  it does this without defining the entire fallmt area. I The third method (C) provldes a very rapid mean8 of determtning whether fallout w i l l  or w i l l  

Method A 

For very simple wind fields a sector can be drawn around the wind vectors for  altitudes below 
the maxJmum height of the cloud. It is then assumed that the angles cd this sector when applied to the 
cloud diameter define the area wfthtn which fallout WU occur. 

Method B 

For wind fields which are somewhat more complicated but still not so complex a s  to invalidate 
use of any approximate method, it is possible to use the effective wind vectors at mrious altitudes to 
estimate the fallout area. The individual vectors presumably indicate the lines about which the fallout 
concentrates due to particles starting tram a given altitude. The network of vectors then outlines the 
total area covered by particles falling from a l l  altitudes. The choice of the range of altitudes to be 
used depends on one's estimate of the MUal distribution cd radioactive material with altitude. The 
most conservative assumption is that the active materials are distributed over all altitudes UP to the 
maximum. The outer angles of the area defined by the several effective wind vectors, when applied to 
the cloud diameter, glve the fallout area. 
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Method C 

Fig. 5.6:2 presents graphically the data aI Table 5. 6:lc, the total f a l l  Ume for given partlcle 
sizes a~ a function of the altitude from which the fa l l  starts. In addition to these data, estimates are  
necessary of the madmum wind velocity in the general direction d the instalktion from ground zero, 
the maxlmum cloud he-, a d  the separation distance. Assuming that the partides travel with the 
mzdmum wind velocity at all times, the a p p r o m t e  arrival tLme can be calculated. Knowing this 
t h e  (which is equal to the fall  t h e )  and assuming that tbe particles start from the maximum cloud 

.. 
- 

Told Fa11 Time. hr 

Fig. 5.6:2 Total Particle Fall Time as P Function of Starting AltlMe 

height, Fig. 5.6:2 will provide the size cd the largest partlcle that will arrive at the installation. If 
this particle is below the size which contributes importantly to fallout (say 50 microns), thenfallout 
will probably not occur. If it is much larger than 50 mlcrona, fallout should be elplected. This method 
is consermtive s h c e  it assumes tbat the particles travel with the highest wind velocity thrcxlghart , 
directly toward the installation, and start fall- fmm the rnaxlmum altitude, a combination of clrcunb 
stances which is unllkkly. 

PROBLEM 5 

For the situationdescribed in Problem 4 calculate the probable area offallout and whether f a l l -  
out urtu occur at the installation. 
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Solutim 

Method A (simple wind fields) 

1-2. Ssme a8 Problem 4 

3. Plot the average wind vectors on polar coordinate (circular) graph paper with the origid 
taken 88 ground zero. Draw the sector best defined by these vectprs, disregarding or  
=signing relatively small weight to vectors near the U r i e a  of the sector. 

4. Draw the cloud centered at ground sera with the diameter ~ ~ u m e d  at stabilization. E.- 
pand the sector found in (3) so that it is tangent to the cloud diameter. Theareadefined by 
this enlarged sector is the probable fallout area. 

5. Plot the position ofthe installation and observe if it fallewitbin or near the boundaries of 
the enlarged sector found in (4). 

Method B (wind field of intermediate complexity) 

1-4. Same as Problem 4 

5. From Table 5.6:lc detennine the total number of hours neceslrnry for the 50-micron 
particle to fall from the several starting altitudes to zero altitude. 

6. Multiply the effective wind meeds for each starting a l t lMe by the corresprmding total 
fall time from (5) and plot the resultbg d u m  fallout distance vectors on polar co- 
ordinate paper. 

7. Draw the cloud centered at ground zero withthe diameter assumed at stabilization. Move 
- fhe network of d u m  falloutdlstance vectors found in (6) to the outer dimension of 
the cloud. The area defined by the vectors is the probable fallout area. 

8. Plot the position of the installation and observe ff it falls within or nearthe boundaries of 
the area found in (7). 

Example 

For the conditions described in the first example determine the fallout area and whether the 

Using Method A 

1-2. The wind field and average wlnds are a8 tabulated in Problem 4. 

3. The average wind vectors for the altitude zones ofinterest (80-60,000, 6040,000, 40- 
20,000, 20,000-0 ft) are  plotted in Fig. 5.6:3. 

4. The cloud and the ewanded sector a re  plotted in Fig. 5 . 6 3 .  The expanded sector is then 
the assumed fallout area. (Note that the wind vectors and linear dimensions a re  not to 
the same scale.) 

5. The installation is plotted 200 miles due east of ground zero. It can be seen to f a l l  just 
within the probable fallout area; fallout can therefore be expected, but it wi l l  probably be 
of relatively low intensity. 

I 
installation lies within its bmndaries. 

Using Method B 

1-4. The wind field, average winds, and effective wind vectors a r e  a s  calculatedin Problem 4. 



J 
5. From Table 5.6:lc the total fall-tlme for  50-micm particles aa a function of starting 

altitude is ad follows. 

Total Fall Time 
Initial Particle for 50-micron 
Height, thousand f t  particles, hr  

80 34.5 

60 28.0 

40 20.5 

20 11.0 

6. The effective wind speedfor each starting altitudeis multiplied bythe corresponding total 
fall time from (5) to field the maximum fallout distance. The maximum fallout distance 
vectors from gratnd zero a re  plotted in Fig. 5.6:4. 

Total Fall Time 
Initial Particle for 50-micron Effective Wind Maximum Fallout Effective Wind 
Height, thousand ft  Partizles, hr Speed, miles-hr-' Distance, miles Direction, O 

80 34.5 20 690 290 

60 28.0 21 590 285 

40 20.5 21 430 285 

20 11.0 1 2  130 30 5 

7. The cloud.ahdthe networks offallout vectors Etartingfrom theouter diameter of the cloud 
are  plottedin Fig. 5.6:4. The envelope drawn around the networks d vectors then defines 
the fallout area. 

8. The installation location is plotted 200 miles due east of ground zero and it is see2 to fall 
outside but near the boundary of the fallout area. The prudent conclusion would be again 
(as in Methcd A) that fallout is likely to occur at the installation but in relatively mcderate 
amounts. 

It is worthwhile to compare thefallout areas as determined by the two methoda. It is clear that 
the direction of the fallout area is the same but thin is not surprising since the wlnda are  all generally 
in the same direction. The widths af the fallout zones, however, a re  som3what different since Method 
A yields an area which conUnually expands with increasing distance from the burst point uWle Method 
B produces an area d i c h  is of roughly equal width for most of its length before it clmes up. The 
latter method thus s e e m  to agree more closely with measur4  results and this may justify the extra 
effort required for the calculation. 

PROBLEM 6 

For the situation described in Problem 4 determine if fallout OCCL-s at the installation. 

Solution - 
Methcd C 

1. Determine the highest wind velocity in the general direction of the hsbllation from ground 
zero. 

2. Determine the separation distance between active material and installation by subtracting 
the cloud radius at stabilization from the distance from grmnd zero to the installation. 

I 



Fig. 5.6:3 Determinatlm d Fallout Area (Problem 5 - Method A) 
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Fig. 5.6:4 Determination of Fallout Area (Problem 5 - Method B) 
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3. Divide the separation d i a a n C e  found in (2) by the wind velocity found in (1) to obtain the 
approximate Ume d arrival. 

4. From Fig. 5.6:2, at the time famd in (3) and the maximum cloud height, read theparticle 
size to be expected at the arrival time. If thin is 50 microns or less, there probably ralu 
be no appreciable fallout. If it ie much larger than 50 miCrO&g, fallout should be expected. 

Example 

Forthe crmditionsdescribed inthe firstexample determineif theinstallationwill receivefallout. 

Using Method C 

1. The maximum wind velocity in the g m e d  direction of the fnstallatlon is about 45 hots. 

2. The separation distance is 200-30 = 170 miles, 

3. The approximate time d arrival is 170/45 or  about 4 hr. 

4. Fig. 5.6:2 indicates that particles falling fromthe maximum cloud height d 80,000 f t  in4 hr  
a re  250 microns in diameter. Fallout may therefore be expected to occur. 

5.6.3 DETERMINATION OF FALLOUT TIME PERIOD 
The final question to be amwered, once it ie known that fallout is likely to occur, regards the 

time of arrival of fallout and the length of the fallout period. In the absence of violently variable wind 
fields, it m y  be generally expected that in the area around ground zero fallout wlll start essentially 
immediately and last for 1 or 2 hr. For regions a few hundred miles downwind, fallout might not start 
until 10 or 15 hr after the burst and last an equally long period. These a re  very coarse statements, 
Subject to the caprice of the whd. A wind that doubled back on itself in time cwld even lead to two 

A more thorol!gh examination of the fallout time period is presented below, again considering 
fallout around ground zero and downwind separately. 

The available data on ground zero fallout arrival time are sparse and conflicting. Thus, after 
Ivy Mike, fallout arrived at lagoon stations (5 to 15 miles from ground zero) at abmt 45 min after 
burst time, but after the Castle tests the time of arrival at lagoon stations was only about 6 min. No 
explanation for the conflict !a offered. Using these data, a rough estimate would be that fallout would 
probably arrive in the area around ground zero (wlth the diameter p rev lmly  indicated) within about 30 
min of the burst. 

From the information determined inthe preceding sections, fallout arrivaltime downwind of the 
burst point can be easily calculated. If the inatallation lies in the middle of the fallout area, the time 
of arrival is obtained by dividing the separation distance between active material and the i n s t h t i o n  
by the largest of the calculated effective wind speeds. Note that the separation distance is not the 
distance between burst point and installation but rather it is thie distance less the radius of the stabi- 
lized cloud. This reduced distance is used since the active material is transported to the cloud radius 
almost immediately after the burst by cloud expan8im. 

If the installation is not at or  close to the middle of the fallout area, as  will be true in most 
cases. the question arises as  to the proper value of the separation distance or alternatively the proper 
value of the wind speed. For simple wind fields and distances far from the point of burst the errors 
introduced by the use d the separation distance and the effective wind speed, as  determined for points 
on the effective wind vector, are amall and can be neglected in comparison wlth the inherent uncer- 
tainties of the method. For wind fields which produce broad rather than elongated fallord areas or  for  
locations close to ground zero, the importance of choosing the correct separation distance(or effective 
w M  speed) Is greater. Taro simple alternatives a re  posnible - using the separation distance as pre- 
viously defined or using this separation distance multiplied by the cosine of the angle between the 
ground zero-inatallation heading and the effective wind vector. In either cane the effective wind Speed 
is used. The second approach la the more cmservative d the two but it may very well be over-con- 
servative since it implies that fallout particles are traveling even faater toward the installation than 

separate fallout periods at the same spot. a - 

For practical purposes It may be well to consider that it arrives immediately. 



dong the effective wlnd vector. Et is racommmded, therefore, that to  determine time of a r r i d  
throughout the fall& area at both dose  and distpntpointa fmm ground cero the separatim distance be 
divided by the highest effective wind velocity, ignoring the CWine multiplication. 

obtained by divldlw the separptlon distance by the effective w i d  velocity for particles starting at !be 
altitude of interest. 

Information on the par t ide sizes involved during fallout (and indirectly an estimate of when fall- 
out will end) can be o w e d  by an examination of Fig. 5.6:2. Knowledge of the a d d  time for parti- 
cles starting from a given dtltude from Flg. 5 . 6 9  wlU allow an estimate to be made cd the particle 
sizes corresponding to that arrival time. Aseume a separation dtstance d 100 miles and an effective 
wind spe+d cd 20 miles-hr-' for particles starting at 80,000 ft. The arrival time d these particles is 
5 hr and from np. 5.6:2 the particle size arriving at the receiver from 80,000 f t  ie about 200 micram. 
using other known effective wind speeds allows a rough entimate to be made a the distribution in  time 
of fallout particle size at a given location. 

Further, knowlng the smallest particle size which makes an appreciable ~ ~ t r i b ~ t i m  to the 
fallout allows an estimate to be made of tha end of the fallout period. This d d  be the Ume after 
which only particles smaller than the given size arrive at tbe inBtallation. 

Similarly, au estimate of the time of arrival of particles from other starting altibdes may 

PROBLEM 7 

For the situation described in Problem 4 calculate the probable time d arrival ab fallout, the 
particle sizes which arrive as a function of time, and the probable end of the fallmt period. 

Solution - - 
1. Determine and tabulate tbc effective wind vectors by the method outlined in Problem 4. 

2. Determine the distance between ground zero and the installation and subtract from this die- 
tance the radius of the atomic cloud at stabilization. This is the separation distance. 

3. Divide the separation distance found in(2) by the effective wlnd velocities found In (1). The 
shortest time found by this division is the time of arrival. 

4. Ushg the times found in (3) and the corresponding initial particle altitudes, read from Fig. 
5.6:2the particle sizes whicharrive at each time andfrom each altitude. The end of fallout 
will be taken as the time after which no particles larger ttm some chosen size (say 50 mi- 
crons) arrive. 

I 

Example 

1. From Problem 4the effective wind vectors for each initial particle altitude are as  follows: 

MUaI Partfcle Effective Wind Effective Wlnd 
Altitude, thousand ft Speed, miles-hr-* Direction, * 

80 20 280 

60 21 285 

40 21 285 

20 12 305 

2. The distance between ground zero a d  the installatton ie 200 miler. The radius d the sta - 
billzed cloud is 30 miles. Thus, the separation distance is 170 miles. 

in 



3. The t h e  of arrival cd pamcles atartlug at vprloua altitudes iu 911 folloan: 

Initial Particle Effective Wind Time of Arrival 
Altitude, thousandit Speed, miles-hr-' at Installation, hr 

a0 

80 

40 

20 

20 8.5 

21  8.1 

21 8.1 

12 14.2 

Thus fallout Mll arrive at the installation at about 8 hr after the burst. 

4. From the results of (3) and Fig. 5 . 6 9  the time distrfbution ofpartfcle sizes and the probable 
end of the fallout period cau k estimated. 

Time of A r r i d  Estimated Particle 
atInatalktfon, hr She, mtcrms 

a. i 05 

8.1 115 

a. 5 190 

14.2 40 

Note that the particle size does not decrease smoothly wlth t h e .  The sizes given s h d d  be 
considered as characteristic of the distribution that actually arrives at a aven time. If one accepts 50 
microns as the lower limit of partlcle size of importance, gpe can estimate that after 13 or 14 hr  the 
fallout is essentially complete. - 

5.  I DELIVERY RATES 

A knowledge of delivery rates duringthefalloutperiod is in itselfnotof major practicalinterest. 
What is important, however, is the dose rate measured at  a given installation as a function of time. 
The value of delivery rate informatlon is that dose rate curves may be derived from delivery rates. 
An installation commander with the knowledge of done rates may be able to estimate the total dose to be 
delivered some hours before his meters could provide this information. 

There are in fact several different kinds of fallout delivery rates which may be considered but 
verylittle information is available on any of them. This is primarily because they are very difficult to 
determine, either by calculation or by measurement i n  the field. 

It Is necessary to distinguish between these different kinds of delivery rates. There IS first, the 
delivery rate of fallout material in terms of the weight delivered per unit time and mit area. This de- 
livery rate is determined by the totalnumber of parttcles and their size distribution, both as a function 
of time of arrival. (Part of the required data for calculation of the weight delivery rate could be pro- 
vided by the methods of Section 5.6). Second, since each unit weight of fallout material IS emitting 
radiation, there is also a delivery rate in terms of dose rate (say r-hr-'J per unit time and unit area. 
This dose delivery rate wi l l  be a function not only of the particle number and size distribution but also 
of the activity content per particle and the decay characteristics of this activity. Third, there is a dose 
delivery rate in which all the activity is corrected back to some reference time, such as 1 hr after 
burst. This corrective dose delivery rate ha8 the advantage that its value is not complicated by the 
decay of the active material. 

The delivery rate of most interest is the dose delivery rate. If i t  can be calculated for a given 
situation,its integral over time will yield the expected dose rate as a function of arr ival  tlme. The 
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calculated dose rate Curve could then be compared with actual fallout meanuremmts during the inikhl 
part of a comparable, actual fallout period. At some time, as a result of this comparison, it may be 
possible to predict the rest  of the dose rate curve. What information there is aPPilPble about the dose 
delivery rate within the fallout period indicates that the rate reaches its maximum early and then tapers 
off. This early maximum in caused not only by the differential in the times of arr ival  of particles of 
various sizes but ab0 by the continuous decay of the activity. 

In the absence of any comparison between dore rates based on calculated delivery rates and 
actual measurements, the importance of the delivery rate determination is uncertain. For some 
situations, where the wind field is comple%it may very wel l  be impossible to inlculate valid delivery 
rates, but in any -e this kind of situation is generally beyond the level of the present treatmeat. 
Even for simple windfields thedelivery rate calculation is quite complicated andrequires large amounts 
of data which are presently mavailable. Further, depending on the shape of the geelivery rate curve, 
the time savings in prediction of total dose may not be large enoug to 'be particularly useful. Under 
such circumstances all that the commander of M installation can act on is the me rate actually king 
received at  a given time during the fallout period. Ushg the methods of Section 6.4, a calculation can 
be made of the total dose which wodd be received between the time of measurement and any t h e  up to 
1000 h r  after t!e burst, but only due to the active material accumulated up tothe time of measurement. 
(The dose received after 1000 hr is relatively small. ) At some level of the measured dose rate or of 
the predicted total dose, the installation commander would initiate appropriate measures, e. g., evacu- 
ation. 

Nevertheless, while it is unlikely that a precise determination of delivery and dose rates can br 
made a priori, on account of the sensitive dependence on m y  inaccessible parameters, i t  is possible 
thatthe general shape and extentof these ratesfor various classes ofbur6t. and wind conditions can be 
determined. Even information of this nature may be valuable in anticipating, on the bamis of incomplete 
metering, the extent of fallout at a given point. 

I 5 . 8  SCALING WITH YIELD AKD EFFECTIVE VELOCITY 
I. 

One of the most closely reasoned methodsfor scaling dose and dose rate contours Is that deve- 
loped at USNRDL. l 4  This methoo provides a device for scaling the downwind pattern with yield when 
wind conditions remain constant, and for scaling with changes in average wind conditions when yirlda 
remain constant. By successive application of the two principles, it is possible to scale for simultaneous 
changes in yield and average wind conditions. The UGNRDL method was devised for weapms which 
develop their entire energy release from the fission process. The iormulae WUI be presented first 
for fission weapons and then will be extended to cover weapons which derive only part of their energy 
from the fission process. 

- 

A remark should be made at this point about the meaning of average wind. Strictly speaking, 
the wind scaling procedure applies only if every component of the wind field is multiplted by the same 
number, and if the relative angles between all c~mponents remain unchanged. Buch severe restric- 
tions, if rigorously met, however, wolld 60 limit the application of the method a6 to destroy its useful- 
ness. It is believed that a good approach to the real nituation can be achieved by replacing the entire 
wind field with a reasonably chosen average wind. (Such a choice w;ll probably lead to bad results only 
in those cases where the w i n i  fields under cordpartson show marked qualitative differences. A m e  in 
point would be one where a wind field with no shear was compared to one with a great deal of shear. ) 
The meanmg of average wind is not well defined, If the determination is to be made before the event, 
it 16 recommended that time of arrival CalC*dationS (see Section 5.6) k made at Several point. dom- 
wind, and that the average wind be Wten a6 the average of the quotients of downwind distance and time 
of a r r i v a l .  It should be possible, within the framewo:k of the assumptions discussed in Section 5.6, to 
determinethe downwind direction fairly well by inspection in n v l y  cases. If the determination is to be 
made after the event, the downwind distances and times of arrival can be taken from e-erimentll 
measures. 

There are five assumptions basic to the USNRDL procedure. 

1. The total amount of activity in the cloud varies directly with the total energy release, W. 
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1. 

3. 

4. 

5. 

The hetght and linear dimenstons of the cloud vary in the same way wtth yteld, and this 
variation can be expressed in the form WL . 
For D given soil the relative She  ;ttstrtbutton of the particles is independent of yteld. Or, 
the mame fraction of the total acnpltp Ls included in any given particle alee range. 

The relative spatial distribution of active particles of any gtven stze in the cloud ta in&- 
pendent of field. Thpt Ls, homologour volumes contain the same particle sizes for all 
yields. 

The rate of fall for particles of a gtven she I s  independent of yield. The rate of fall of 
active particles depends only on particle stm. 

While some of the above usumptions are subject to question, they are all probably reasonably 
gwdfor scaling purposes aslong astbe scallng is not bstween yields thatare very different. A reason- 
able guess an to the extent of their dtdt ty  might be for yields that dlffer by no more than a factor of 
50 from the standard we.  

The scaling law which results from the ~seumpttons given above I s  

(5 .81)  

- where - 
t = any linear dimension of a given contour 

D = dose rate on contour 

W = we;rpon yield 

k,,, 4, = empirical constants 

USNRDL recommends the values of k,# = $, = 1/3 and these d u e s  wUl be used here. Thus, 

(There IS some question as to the proper values of the exponents. For example, Technical Operations15 
helleves that k,, = 1/2 rather than 1/3.) 

Scaling with yield in the vicinity of ground zero requires an approach different from that for 
duwnwind scaling. The following assumptions are made. 

1. 

2. 

3. 

The activity available on large particles scales linearly wtth the Yield. 

The cloud radius to heights of interest scales as the one-third power of the total yield. 
The regions contaminated lie almost directly below the cloud. 
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It then follows . 
1. 

2. 

that the radius of a contour wUl  scale ps the one-third power of the total yield W, and 

that the dose rate value of a scaled contour willscale as the arealeoncentration of activlty, 
which will be the ratio of the activity sealing to the square of the linear scaling, I. e., 

Fortuitously, therefore, the same form of scaling law applies to ground zero aa to the downwind 

It is further found emplricallythai the total area inclomd by a given dose rate contour does not 

region, but for different reasons. 

depend very sensitively on the average, or effective, wind. 

The scaling law plus the empirical statement about the areal constancy of dose rate contours 
can be restated for pure fission weapons as follows: 

At constant effective wind velocity, the shape-determining linear parameters of the i d o s e  
rate contours scale as the cube root of the total field, and the areas scale a8 the two-thirds 
power of total yield. At the same time, the isodose rate intensities of We respecthe contours 
scale also as the cube root of the total yield. 

In extending the formulae to weapons which develop only a fraction of the total yield from 
fission, it is only necessary to change the first of each of the above groups of assumptions. 

The f&st of the five assumptions conce_ming downwind scaling becomes: 

1. The total amount of activity in the cloud varies directly with the fission yield; 

while the first assumption concerning scaling in the vicinity of ground zero is changed to: 

1. 

The result is, then, that the contour shapes and sizes are functions of tot21 yield of the weapon, 
whereas the dose,rate contour values are determined by the amount of contaminant available; i. e. , the 
fission yield. 

The activity available on large particles scales linearly with fission yield. 

I 
Thus, if a dose rate on a particular contour is h o r n  for a pure fission weapon, the Qoe rate 

on the same contour for a weapon which is part fission and part fusion is: . 

(5 .84 )  

where 

D = dose rate on a contour for a part fission weapon. 

D~ = dose rate on the same contour for a pure fission weapon of the same total yield. 

Y = fission yield. 

W L total weapon yield. 
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Formulae (5.82) are then generalized to: 

where 

1 = any hea r  dimension of a given contour. 

D = dose rate on the contour. 

(5 .85)  

Y = fission yield. 

W - total w e a p  yield. 

At  constant yield, areas within i d o s e  rate contours probably remain constant, but the down- 
wind extent varies dlrectly as the cube root of the wind velocity, and the crosswind extent varies in- 
versely as the cube r w t  of the wind velocity. This relation is verified (Dugway tests) only for winds 
whose velocities do not exceed 25 hots. le For winds less thau 5 h o t s  these statements do not apply. 
The dynamics of the active cloud overshadow the effects of such winds. It is anticipated, however, 
that wind velocities at the high altitudes to which high yield clouds rise will, in general, exceed 5 
h o t s  by a considerable amount. 

Figure 5.5:1 Ls.ah idealized downwind fallout patte?nfrom the Caatle series for a 15-MT * bomb with an effective wind of 15 ho t s .  It can be used M the baais or 
scaling to other yields and e fective wind velocities following the above prescription. 

Ftgure 5.5:5 is an idealized ground zero pattern, based on the Mike test, for 
total-yield bomb and a 15-knot wind. It can be wed as the basis for s 

Thls scaling method should be regarded ad quite rough, althowh rapid. The errors may be 

F fo owing the method described above. 

quitelarge and in fact for some cases at the Teapot teststhe error waa aa much 28 afactor of three. 

PROBLEM 8 

A downwind isodose rate contour pattern for a specific fisslon and total yield and effective wind 
velocity is given. The scaled pattern for P different fission and total yield and effective wind La re- 
quired. 

Solution - 
1. 

2. 

3. 

4. 

5. 

From the given pattern, Figure 5.5:1, choose a set of points properly dispersed to permit 
mapping the pattern. The set should include the maximum downwind and crosswind dis- 
tances for each of a n,mber of contours. 

CompAe'tha cube root of the ratio of the required total yield to tne given total yield. 
Compute the two-thtrds root of the ratio of the given total yield to the required total yield. 

Compute the ratio of the required fissionTCeld to the given fission yield. 

Compute the cube root of the ratio of the required effective wind speed to the given effec- 
tive wind speed. 

I 
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6. 

7. 

Compute the reciprocal of the number found in step (5). 

For each point selected in step (1) perform the following operations. 

a. 

b. 

C. 

d. 

e. 

Example -- 

Multiply the downwind and the crosswind distances of the point each by the number 
found in step (2). The resulting numbers are, respectively, the doanwind m d  ~ 0 8 s -  . 
wind coordinates of the corresponding point in a new contour which has been sealed 
for yield but not for wind speed. 

Multiply the value of the dose rate on the contour from which the point was selected 
by the number8 found in steps (3) and (4). The result is the dose rate vplue of the 
point found in ('la), sealed for yield only. 

Multiply the new downwind distance found in (7a) by the number found in step (5). The 
result is the downwind coordinate of the point scaled for both wind speed and yield. 
The associated dose rate value is that found in (7b). 

Multiply the new crosswind distance found in (71) bythe number found in step (6). The 
result is the crosswind coordinate of the point sealed for both wind speed and yield. 
The asswiated dose rate value i a  that found in (7b). 

Plot the point at the coordinates found in (74  and (7d) wIth the dose rate value from 
(7b). Repeat for enough points to permit the sketching of isodose rate contours. 

ordinates are 125 miles downwind, 30 miles crosswind, andthe dose rate value lslOOr-hr-' 
at H+l. A representative setofpoints mightthen be(125,30)-100, (335,0)-100,(100,24)-200, 
(277,0)-200, (90,22)-400, (215,O)-400, (80,20)-600, (185,0)-600, etc. The compotation w i l l  
be performed only lor the point (125,30)-100, which is suffIclently general to illustrate tbe 
method. 

2 2 

3. (+ (*)T = 4 
1.875 

1 6. - 
1.26 = 0.79 

7. a. 1/2 x 125 = 62.5 miles 
1/2 x 30 = 15 miles 

1 
8 

b. 4 x-x 100 r-hr-I = 50 r-hr-' 

c. 1.26 x 62. 5 = 79 miles 



d. 0.79 x 15 = 12 miles 

e. The point (125,30)-100 therefore t ransform into the point (70,12)-50. The process 
is repeated u n a  there are enough transformed points to construct an isodose rate 
pattern. 

PROBLEM 8 

The isodose rate contour pattern in the vicinity of ground sero Is even for a speclfic fission 
and total yield. Compute the isodose rate contour pattern for a different fission and total yield 

Solution - 
1. Choose a set of points along a ray from the center of Figure 5.5:5. Note the radial dls- 

tance from the center and the assoclateg dose rate for each point. 

Compute the cube root of the ratio of the requlred total yidd to the g l e n  total yleld. 

Compute the two-thirds root of the ratio of the given total yield to the required total yield. 

Compute the ratio of the required fiseion yield to the given fission yield. 

For each point selected in step (1) perform the following operation& 

a. 

2. 

3. 

4. 

5. 

Multiply the radial distance by the number found in 8tep (2). This is the radial dis- 
tance of the transformed point. 

Multiply the dose rate associated with the point by the numbers found in steps (3) and 
(4). This is the dose rate associated wittiithe transformed point. 

Construct a circle about ground zero whose radius is equal to the number found in 
(5a). This is the isodose rate contour at H + 1 hour whosevalue is the dose rate found 
in  (5b). An arc of perhaps 60° of this circle facing downwind would have a somewhat 
higher associated dose rate, in general, on account of wind perturbations. Also, the 
center of the circle would be someThat displaced and ita shape a blt distorted by the 
wind. The full circle approximatio&about ground zero is, however, about as good a0 
reasonably can be expected from the use d simple methods. 

b. 

c. 

Example 

Although they areless involved, the procedures for scaling of ground zero isodose Contours are 
similar enough to those of Problem 8 so that a separate example is omitted. 

5 . 9  SCALING WITH HEIGHT OF BURST 

The methods of predicting fallout discussed BO far are applicable only to surface bursts. It is, 
therefore, desirable to scale for bursts at  some height above the earth’s surface. Fallout occurs in 
appreciable amounts ody whenthere are earth particles inthe fireball capable of scavenghgthe active 
material. Further, i t  appears that such scavenging particles are present inthe fireball in quantity only 
when the fireball in(.ersects the earth. There is clearly some relation between the amount of earth 
included in the fireball and the amount of activity that is scavenged. We shall assume it  is linear. We 
shall assume also that the amount of earth in the fireball is proportional to the volume intersected by 
the fireball. 

I 

Let 

9 = effective fireball mdius (for a weapon af a given yield the minimum burst height at which 
there Is no appreciable fallout). 



4. The required dose rate i n  

5.10 ENERGY SPECTRA OF FALLOUT GAMMA RADIATION 

Tbe energy spectrum of fallout gamma radiation is sublect to variation with weapn type, The 
fissim product portion of the spectrum is invariant for any given ftaslonable moterial, e. g., Uw, 
uzu, Pu"', U"'. Moreover, indications are tha& there i n  very little vuriation in the fission product 
distribution among the three commonly used fissionable materIp1.: U'", Ua, aud Puu'. Hence, to a 
good order of approximotion, we can expect the fission product part of the gamma radistim spectrum 
to be inwipnt.  

There have been observednegligible but detectnblekmponents of the s p e c t r h  which rosefrom 
the activation of earth activated calcium in the bbrohall 18111168 and 
activated aluminum in Nevada. constituted only a very few percent of the total 
and could safely be neglected The several pantundersen test shob have notshown activation of sodium 
sufficient to contrlbute importantly to the f a o u t  spectrum. 

Neutron-absorbing materials may be delibvately placed in or around a thermonuclear bomb to 
Increase the radiolopcal hazard. In such a case the fallout gamma radiation spectrum would almost 

Barring peculiar burst environments or deliberate addition of neutron absorbers to the bomb, 
howevcr. I t  IS probable that the fallout p m a  rodiatlon spectrum characteristic of the Castle tppe 

certamly be altered. 3 
3 

wl l l  hoidjather well for other thermonuclear weapon types. 

The energy spectrum of gamma rays in fallout changes wiUI time. That is bacauee (1) 
with shorter half lives will decay faster and vanish from the spectral structure, and (2) some nuclides, 
which are not produced directly but occur p8 products of the decay of other nuclides, do not nppear 

and neutron activation components relatively weighted to afford agreement with the experimentaldeter - 
Since these determlnatims began at approximately 5 days 

perceptibly In the spectral structure until after some lapse of time. 

r Fig. 5.10.1 presents 11 charts of the energy spectrum at different times ranging from I hr to 
/ Z O  days  after detonation. They are constructed from analyticalcurves of decay with thefission product 

minations of the spectrum a t  Castle. 18120 1 after dettmation, the npectral data here presented for times earlier than 5 days are posstbly not as 
accurate as the data for later times. 

In the absence of detailed study of the lower energy end of the fission product spectrum, fiESion 

Include strong components of rodlation below 0.1 Mev whtch have been lumped into the 0.1 to 0.4 MeV 
range. While these low energy gamma components are not negligible, their treatment here simply 

I makes the spectrum appear somewhat k d e r ,  1. e., of higher energy, than i t  really is. In turn, this 
1 lead6 to a slight apparent reduction in the shielding effectiveness of materials. (From the defenslve 
1 - viewpoint this is conservative.) 

product  gamma^ with energies less than 0.1 Mev have been ignored. Further, the induced activities 7 
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6.11 SBIELDINC FROM R E D U A L  GAMHA RADIATION 

The only mechanbrrm for reducing the gamma dose delivered from a source to a receiver are: 
1. 

2. 

lncreaaing the separation of source and receiver, and 

interposing gamma-abmorbing material between source and receiver or (better still) sur- 
rounding the receiver or source with gamma-absorbing material. 

within the fallout area there 18 very little opportunity to u e  separation dietance as a means of 
attenuation because the fallout source i. spread more or leas uniformly over a broad region. To the 
extent that there are local non-uniformitiea, distance attenwdion can be wed by avoiding the hot spots. 

Of much greater significance l a  the use of gamma-absorbing material to shield against the 
rdiation. Actuallyallmaterials aregamma-absorbing butsome are more effective or more convenient 
than others. A fairly accurate rule of thumb for selecting gamma-shielding material8 In that for a 
given thickness of material the gamma-absorption effectiveness increaaes with the electron content 
per unit volume of the material. This is because a large portion of the gamma-absorption and scatter- 
ing processes are simply reactions between gamma rays and electrons. The electrm content per unit 
volume is the product of the electron content per unit weight and the &natty of the material. Since for 
most materIals(except those containing alarge concentration of hydrogen) the electrm content per unit 
weight is approximately conatant, the gamma-shielding effectiveness of a gIven thickness of material 
increases with the density of the material and 18 approximately independent of ita composition. Thie i8 
eauivalent to sayingthat equal weighta of most nonhydrogenous materialsprovtde about the same shield- 
ing protection, assuming the same shielding geometry. (Within this broad statement it is also true that 
in generalthe materials ofhigh atomic number andhlghdensity makethe mosteffective gamma shielda, 
particularly for gamma rays below about 0.5 Mev and above about 4 MeV. j 

A convenient method of characterizing the Shielding effectiveness of a gIven material and ge- 
ometry is through the ube of the dose transmission factor 

(5.11:l) 

where 
Di = physical dose received at the inner face of a even material and geometry due to a poly- 

Dj = physical dme received at the outer face of a given material and geometry due to a poly- 

energetic source of gammvl 

energetic source of gammul. 

Instead of the expression given above we wIU we an approxbate and more easily calculn- 
ted form for rough determination of the shielding effectiveness of a given structure. Thu 

-PtX 
Te = e (5.11:2) 

where 
y = total linear attenuation coefficient for gammas of an appropriate average energy 
x = thickness of shielding. 

In genezal, T, w i l l  not be equal to T as defined in Eq. 5.11:l. The u e  d Te, wMle adequate for  
present purposes, would not be atxitable for all othem, for example for c a l c u l a t I a ~  hvolving the 
strong source and thick m e l d  as.ociated with nuclear reactom. 
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A corresponding expression for Te which may be Ued when there are a number of slabs of 
W e r e n t  composttian in the shield 1s 

where the subscripts indicate dlfferent materinls. Eq. 5.11:3 demonstrates the.important rule,appll- 
cable to approximate calculations, that when Several materials are added together in a shield their 
transmission factors a re  multlplied to obtain the transmission factm for the combined shield. 

The shielding effectiveness of any material depends on the energy of the impinghg radiatim. 
The energy spectrum of the falloutrodionon i. time dependent, a6 shown in Section 6.10. The shielding 
effectiveness of a material varies, therdore, with time. For most of our present purposes, the time 
variation of ahield effectiveness need not be considered, p8 it is relatively ellght. 

The only circumstance in which time vpriatton becomes woAhy of attention is when there is a 
strong component of relatively short-lived and highly penetrating radiatton. If it were contemplated 
to remain in the fallout region for several weeks and if active d i u m  were present Ln quanti@, the 
shield should be asslgned one value during the important lifetime of sodium and mother for the re- 
mainder of the time. 

Fig. 5.11:l is a plotof thetransmisstonfactor of onefoot of soil (specific gravity = 2)from 1 hr 
to about 23 days after the burst. During this period the transmission factor varier frJm a maximum 
value of 0.164 to a minimum value of about 0.138. The 3-hr transmission factor, which is close to the 
maximum, is  taken as the average value. Since the activity decays quite rapidly with time and a sub- 
stantial portion of the dose is delivered early, the 3-hr choice is quite realistic. 

The shield evaluations of this section %e based upon the energy spectra of Section 5.10. 

Table 5.11:l presents nominal values of gamma ray transmlssion factors Te, as a function of 
thickness,for several common materials. The specific gravity is also presented. These d u e s ,  though 
approximate only, may be used to evaluate most simple shieldlng configurations. 

The foregoing material is presented to permit evaluation of the relative shielding effectiveness 
of various common materials in the absence of more accurate methods. A better a priori evaluation 
can be made by computing, or making educated assumptions about, the anticipated external residual 
source distributlon and calculating by Monte Carlo methods the radiation transport UWueh the ZtCtunl 
shield composition and configuration. The best evaluation is made by metering the shield interior 
under actual operational conditions. 

While the characteristics of a shield are not the same for the long-lived, broadly distrlbuted 
residualgamma source as they a re  for the short-lived and much more directionalinittalgamma source, 
a fair notion of the relative effectiveness of various shielding installation6 may be had by reference to 
Section 3. 7 whlch deals with shielding against the initial gamma radiatlon. 

While it is difficult to make emct quantitative statements, some general remarke about shield- 
ing in a residual radiation field may be offered. 

Because the residual source is well distributed and because the radiation has  the cppability Of 
being scatteredthrough angles, or, so to speak, of turning earners, an adequate shield must surround the 

'receiver completely. (Such exceptions to thts rule as may occur for the case of residual radiation are 
quite s3ecial.) 

A radiation shelter can be prepared in advance and especially deslgned for Its purpose. The 
most commonly recommended shelter is an underground excavation with 3 to 5 ft of earth above. The 
access corridor to such a shelter should, where possible, have a bend in it SO that gamma radiation 
cannot find a rtraight-line path into the ahelter, since even though gamma rays can be scattered around 
corners they suffer considerable attmuation i n  the process. 
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all Islands who breathed, ate and drank contamhated air, i d ,  ard water far ad lmg ad4day8, cm- 
dude that the internal ndiaticm effects were low compared to the external effects rkerved. NO con- 
clusions can yet be drawn, however, about the long range effects d such radiation. 
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Material 

Water 

Soil 

Concrete 

Cinder block 

wood 
Lead 

Iron 

TABLE 5.11:l 

Nominal Gamma Ray Transmission Factors for Common Materials 

Specific Crovlty 

1.0 

2 .0  

a. 5 

1.0 

0.6 

11.3 

7.0 

Transmiesion Factors 

1 in. 4 in. a in. 12 in. 
- 0.7 0 . 0  0.4 

- 0.6 0 .  s 0.16 

- 0.5 0.2 0.08 

0.7 0 .3  0.15 

- - 

- 0. e 0.8 0.6 

0.25 0.004 - - 
0.58 0.1 - - 



The middle stories of high buildinp in dues make fairly good radiation shelters. They provtde 
a distance factor, and because of the intervening structure, a shielding factor. 

RePrrangement of furniture and Of anything movable, to come between the receiver and the 
principal apparent source Of dose can be helpful. Any Structure or  inclosure, whether or not it i~ high 
or  has a basement, is better than nothing; if the shelter equivalent of a t  least a basement is not avail- 
able, however, evacuation should probably be considered. 

A very adequate shelter can be prepared in a subground level bvrement by pUhg Sandbags on a 
steel or woden frame to a thiCkneSS Of 2 or 3 ft, top and Sides. If the hags can~also be wetted dom 
before the water supply is contaminated, rueh a shelter would afford almost complete ishtion from 
the external gamma radiation. 

Should outside air bearing mtaminated particles penetrate a shelter of any sort, a bunrd  
might arise from beta activity deposited in the lungs or on the skin. Gome effort should be made, 
therefore, to exclude large masses of outside aIr from the shelter. 

Figs. 5.119 and 5.11:3 reproduce the results of 801138 simple calculations of the shielding 
effectiveness, predominantly geometrical, or SIructureS with and without baaements.’l In each case 
the superstructure begins at grade and i n  circular in shape. In the former case the dose rate is com- 
puted for a receiver 3 i t  above the ground level; in the latter, for a receiver on the basement floor at 
the center of the circular cross section of the building. The calculated dose rate includes both un- 
scattered and scattered gamma radiation, ermtributed by uniformly distributed fallout contamination on 
an infinite plane surrounding the structure and on the roof of the structure. Dose rates are presented 
as percentages of the dose rate outside the structure and 3 f t  above the ground. 

Figure 5.11:2 presents the results for the “no-basement” case, plotted against the structure 
radius xs for four different values of structure height y. The lowest curve Shows that portion of the 
radiation which comes from the ground source, independent of the height of the structure (y = 4. The 
curves are computed for the case of infinitelyulin structural materials, i. e. ,no structural attenuation. 
No allowance is made for the effect of intervening floors in multtstoried buildings. Table 5 . l l : l  may 
be used for approximate evaluation of the effect of finite structural thicknesses (roof, walls, flwrs, 
etc.) on the results of Fig. 5.112 

Fig. 5.11:3 presents equivalentresults for the case of a structure with baaement. An additional 
parameter yb is required for the depth of the basement. The same general descriptive remarks apply 
to this figure as to Fig. 5.11:2. The two lowert curve6 give the portion of the dose which comes from- 
the ground source, independent of roof heigbt (y = -) ior the two basement depths chosen. 

The assumptions on which Figures 5.11:2 and 3 a re  based are  sufflciently crude SO that use of 
these figures should be restricted to qualitative estimates. 

. (  

5.12 VARUTIONS DUE TO ENVIRONMENT 

There are two environments which can greatly alter the fallout dose received by a detector at 
some pointin the fallout region: the environment ofthe burst point, and the environment ofthe detector. 

The principalenvironmental factor ofinterest at the burst pointis thenature ofthe surface over 
which the bomb was detonated. Present experlence for which detailed data a re  available is limlted to 
the soils of Nevada andthe Marshall Islands. ParUcle size distribution work hasbeen doneby USNRDL 
onthe Nevada soil, but llttlelnformatim is available on the Marshall Islands particle s h e  distribution. 
The prevailing impression is that the Nevada distribution is probably fairly representative d most 
soils a d  concrete cplstructiona that might be encountered in the United States and Europe. Experi- 
mental work on the fractionation d dmerent soils is, however, vi ta l ly  needed. 

It is not at all clear what sort cd hlkmt pattern wi l l  result from water surface a d  underwater 
bursts. Although such b r a t s  occurred in the Crossroads, Castle, and Wigaram aeries, they were not 
adequately documented for fallout. If a burst occurs in or over deep water, there is a fine aerosol of 
water created. Whether thin aemsol penetrates far downwind, a s  would light particles, or  forms 
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Fig. 5.1152 Dose Rates Inside Structures without Basements 

largerparticles andprecipitates early, is notestablished. In addition, a huge column dviater is hurled 
up into tk air and it collapses into the water not toc far from ground zero. Preliminary informatim 
from the Castle tests Indicate thatthe low dose rate contmrs would belarger and that thehigh dose rate 
contours would be smaller for a burst over or  under water than for a corresponding burst over a land 
surface. 

Another burst point environmental factor which may sometimes be important is the presence 
of an isotope subject to neutron activation which can contribute significantly to the gamma radlatlon 
source. Thfe has not yet been a serious problem. Activated calcium m s  found in some quantity after 
Castle Bravo, but in amounts small compared to the fiIlSfOn product source. The total done measured 
after undersea burst# bu not shown important amDunte of cadlation resulting Itom sodium actlvatton. 

EnvlronmenW factom in the neighborhood of the receiver can affect tbe dwe in many ways. 
Heavy foliage can keep a portion d the source nupended. Rough t e r m  can shield out some effect# 
of the active material ahadowed by it. Driitlng and blOWIng of the dust (I& snow) by the ground level 
winds can cause l o d  m c e  a d  tlme variation8 whtch might lncreaae or decrease the dose. (A re- 
ceiver in a structure on an essentially #ane mite m l d  pmbably r e e d  a lanrger dore m account cd 
drifting on the wlndward side cd the structure.) A well-dained site m l d  probably be Subjected to a 
smaller dose if ralo oecurred during or after fallout and a poorly drained site would probably receive 
a larger dose. 

6 
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Fig. 5.11:s Dose Rates-hside Structures with Basementm 

It is clear that environmental factors, both at burst and receiver point, can subetautially in- 
fluence the dose. Further, while e n v i r o n m d  factors at the receiver should influence operaticad 
decis?one, they are not intrinsically d a nature to lend themselves well to a prlori quantitative de- 
scription. 

5.13 NEUTRON-INDUCED ACTMTIES 

A second posslhle source of radioactive fallout materid, in addition to the active fission pro- 
ducts, is material activated by bomb neutrons. These neutrons can be captured in nearby nuterinls, 
leading to the formation d new isotrpes wbich are somelimes mdionctive. There are  three kind6 of 
neutron-induced activities to be considered in weapons effects, namely: 

1. activities Induced in mate- normally present in the bomb, 

2.. activities induced in materiala deliberately added to the bomb to increase its radiological 

3. activ'.ties induced in materids in the environment in which the bomb is exploded. 

By far the most important lnduced PCtidtleS obaervsd to date are  those resulting from the 
capture of neutrons in the n'" and normally present in the thermonuclear weapon. According to 
the obserpntions made in the Castle series, these activities c0mpri.e a signifkmt part ofthefallout 
radiation aource at Umes of the order d SO min, and the major part at timer d the order d 3 days. 
(These contributims came from the IP'' - t$'' chain formed from the capture d a neutron by P. ) 
Other atamlard weapon materinls donot appear to cnntrlbute fmportpntlg to the residual gamma rub- 
tion scurce. It is possible, however, that some portion d the initial gamma rndlPtion scurce may 
come from (n, y )  reacticm in weapon materids. 

heard, Md 
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dellberntely for  that purpose. The posatLdllty that a materfnlexbta which ir practical for that purpose 
C P n a d  now be dismiI3acld. 

In both the Marehall Mada and Nevada, actlrnted earth mpt~rlds have been detected. 19 
The quantity d thla ldDd d actlviw had been only P fer Brcent  d the total activity produced by the 
bomb.. Even in the b u e  surges a d i n  the craters duudergramd bunts, where me lpculd expect such 
activity to be moxt cmxntrated, it k s  not appeared in very aignlficant omoMt8 in compnrtson wtth 
the firsion product cmtaibu&ion (at least in tho= muface reglcmS where obaervationa were made). It 
has been i d ,  however, that for otr bureta, where there is no firsion product fallout, the neutron- 
induced activity at grourd sero may be important. The ama a d  ground zero affected by thin neu- 
tron-induced activity, resulting from eitbsr g m d  or air LnmU d a  given aeapcm, la srmll compared 
to the area affeeted by grolmd-burat fallout radiatim frm the gWcm aepp~a It le mtbr diffWlt to 
conceive d other situatlma where the capture al neutronr in ~mvlronmentalmaterw11 wculd contribute 
importantly to the rea- radiatlm. 
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Chapter 6 

RESIDUAL BETA RMUTION 

6.1 INTRODUCTION 

Detonation teste of about 100 nuclear wenpbns ranging in yield from 1 KT to  15 MT have estab- 
lished the fact that the lnrger reapma, d the order of 0.5 lldT or  more, can cmtaminate a large area 
downwind byfallout of radiuactive debris. In those canes wherefalloutbecomes a s e r l m  problem, the 
ionization produced by beta particle6 emitted by tbe radiuactive debril may, under certain circumlltur- 
ces, create a more leriaue blologicalhnzardthnnthe accompvlylllg gwnma &tion. The beta hazard 
can only occur when personnel are in close proxLmity to or  are SubEtantiaIly unsNelded from fallart 
material; distances from the source of the order of 10 f t  in a i r  or  shielding thickneu d the order d 
0 . 5  gm-cm-' a r e  u s d y  sufficient to render the beta radiation alesser b a r d  than the gamma radia- 
tion. Some typical situations which may occuq (Iieted in order d prokble  decreasing Importance)nn: 

1. Irradiation d personnel an a result of fallout adherlng to &in or  clothing. 

2. Irradiation d personnel standing or  lging on contaminated ground surfacer. 

3. Irradiation d personnel in proximity to  b e a d y  contamiratedmassive objects (airplanes, 
ships) which have been ewosed to the ndimctive cloud. 

Since a beta hazard wtii be considered to exlst only when it exceed6 the pmma hazard, lt L. 
clear that the gamma d i n t i o n  for variou6 situations of intereat mu& plso come under scrutiny. 

As a firstappro%imation,the disintegration energy of early timefallart k shared equally by the 
beta and gamma emissions. For example, the nvernge gamma energy of fallout 4 hour6 after the bomb 
burst is about 1 bfev, the avenge beta energy is about 1 Mev, and there nre about 1.5 betas emitted 
per gamma. Because d the vastly different absorption cbarncteristlcs d betas and gammas, the rela- 
tlve doses a re  not a t  all the same. In mater- of low atomic number ruch an nlr or tissue, the linear 
energy transfer of a 1-MeV beta is about 70 tlmei 'hat of a 1-MeV gamma. Thus, in the Vlcinity d a 
source of equal beta and gamma strengths, the beta dose may be 70 times as great nu the &omma dme. 
On the other hand, because d the rapid dissipation of beta energy Wth distvlce in PD absorbing medium, 
the beta flux and dose decrease much more rapidly than the gamma flux and dme. 

If humans were equally vSlenb le  to equal beta and gamma doses, the beta rndiation hazardin 
the vicinity d sources would indeed be formidable. I h e  dllrpbillty dwe for  betas is still subject to 
disagreement; but a flgure cd 3000 to 5000 rep ha6 won a certain degree ofacceptance. The dinability 
gamma dose in commonly W e n  as 150 to 200 r. Neglecting the small difference between rep a d  
roentgen units, the range d situations for which the beta ndiationis a hazard is then roughlylimitedto 
those for which the beta-gamma dose ratio is greater than about 20. It Bhwld be emphasized that the 
evaluation of a relative hazard cannotpossibly be determined by the bela--ma dose ratio alone. The 
intrlnslcally different depth dose behavior cd the two ndiations, the difference in biolcgicpl effect for 
a given exposure, and the difference in the effect with degree of exposure a re  decklve factorr which 
must be considered in the determlnatlon of the relptive hazard in each given situation. For enmple, 
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the gamma dose of internst la the total body door. Though It may bo deniroble to  correct the nurface 
gamma dose by a small factorto P C C o u n t  for gamma attenuation in the body, thecorrection Is not sensk 
tive to source geometry and orientation d the body becam dthe hightransporency d tinsue to gamma 
rays. (Low energy gDmman are not considered.) C a  the other hand, the beta dose can always be re - 
garded an a surface dose. The shieldins effect. d varioum parts d the body a re  in this caae complete 
and the resultant dose la quite SeaSltiVe to the orientation and &lance d the body surface with respect 
to the source. consequently, a subject uposedto a pcund source of betas wi l l  experience an exposure 
analogous to a nunburn received by a man Standlug on hi. head on a hazy day at noon. Although we can 
make predlctions about the effects d a localbeta exponure, it in nomewhat difficult to define the gross, 
over-all effect of a onrylng body exposure to betas. 

Becausethe blologicPleffectad betanand gnmmpsare nodmerent, theweof thecmcept “rela- 
tive hazard” may be nomwrbnt quelltlmable. The incapaci taw effects d betan can be compared to 
b u m  of various degrees: reddening, hllatering, and permanentde6tructicm to  the ekln and sub-tlssuen. 
The incapacitating effects d gammas may be roughly indicated according to degree a8 fatigue, nausea, 
generaldlnabfllty, and death. The time required fortha incidence d thene effects in much greater than 
in the cam of beta radiation, perhapn 5 to 10 times 01 long. The resultant wetehtlng of nuch effects 
wlth thelr associated time de lap  in order to formulate a judgment ab& a set “relative hazard” inthe 
form d one d these radiatiam la a Complex bllllinenn. Furthermore, even if a relative hazard s b d d  
be considered to ednt for cme d tho radiations, the bpenrd may shift if the dmen are increased in 
equal proportion. A 3000-rep beta dose over the lower half of the body might well be considered a 
greaterhazard than 0100-r gamma done. E both dones are scaled upward by a factor of four, however, 
lt ieunlikelythat a12OOO-repbeta doseaddhave  thelethaleffects o f a m - r  gamma does. In general, 
an increane d the radiatim level wi l l  tend to ShKt the hpeprd to &ommp.. Situations for whlch a rela- 
tive beta hazard can occur would require a gamma dole lens than the order d 200 r. 

The existence of situations where anindependent beta radiation hazard exllltedwan first pointed 
out in 1949 by Condlt Dpm and Lamb. Such Efhlptlam have nubeequently occurred. Prohnbly the 
most ~lgniflcant one is fie cmtaminatlm of the pcpulnted atollr d Rcmgerilr, Rangelap, Alinglme, 
and Utirik by fallout from the <pst le  Bravo shot in Mard 1954. The major MolOpical dbabffltles ex- 
perienced by the natives were all produced by beta radiatim, the beta exposure being a consequence d 
direct contamination d the skin and clothing. 

-f _- 

h e  should not conclude from the above event that contact exposure to fallout in necesarily a 
beta hazard. A t c d  ewosure allghtly greater than that which occurred wauld have resulted in the in- 
cidence of let!!lty by gammas. In additim, the medicalcomplicatiam from the totalbody &.mma done 
were potentially aerioua. Furthermore, iaklng protectionindoors orprompt bathing would ha= eliml- 
mted or greatly mitigated the beta hazard. The effects d the Marshall Ism falloutclearly indicate, 
however, that contact exposure d indlvidualn to fallout whlch does not produce too hlgh a &.mma level 
can result in situations a c h  are  primarily a beta hazard. (There exhts a posslbfflty that some d 
the dose ie due to very low energy (leas than 50-kev) gam- rather than betas but the evidence 
presently available indicates that this in probably n d  the case. calc~kt ion4 the finaion pro- 
duct gamma spectrum han nhown that there are very few low energy gammpn; experiments have n h m  
that the attenuation of the “soft” component of the dose appears to resemble beta paf lc les  in the M e V  
range rather than very low energy gammas. 5) 

There fs some experimental information available on fallout sltuatiom where the importance d 
behs relative to gammas la marginal rather tJnn clear-cut. The interpretatim d these data in not 
decfslve, however. o l e  of the objectives d the succeeding paragraphs in to sketch in greater detall 
the beta dose and relatlve hazard in these marglnal sltuatiam where both beta and gamma radiation 

The beta and gammafallout d a e s a r e  dependenton the activityandenergy epectn. of the source, 
onthe geometry, and onthe nature and thicknesu of the intervening absorbing medium. Althougha great 
deal of information does now e*, the result. required to fi l l  in the detailed picture arenot complete. 
Furthermore, much d the informatim on hand 111 not cansintent. can only attempt to arrive at 
“beat” or moat consintent values d the beta dose, and the absolute accuracy d such valuer mrut be 
coneldered tentative. In view d the conditional natured the cmcluslons, a policy d nimpllflcation has 

may be important. 

I 
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been pursued. A6 an m e .  geometrical cc.ulderrtiau bave bean cadlaad to tho case d fniinitss- 
implly thin, p h e  iaotrcpic acumen ehialded by plane abrorbea. For tl& geometry, there 
nutfielent u lcu lp t iau  andmepeuntmeata to make delalled aternentnabout the bcb dasc prd the bet.- 
gamma mtio. Furthermore, in view d the limited range d beta particles uul the htrhsicplly w e  
extent d the fallout, thin geanetry appear6 to be a rsPrcmahle appradmrtia for mootoperntid .it+ 
ations. There are factors wblch may invalidate this approdrmtlon, mch an th rrugbnem pad fw 
extent d the red s w c e  surface. Mom important may be the ilnlte m d  even large size d the 
source particles. Large particles tand to dectcpre the beta relative to the gamma a w c e  due 
to self-abrorptim, and to chpnee the source raeulpr -an from ir-lc, pruculprly for th 
betps.   he l m p o r h n ~ e  d them factore is prr~ant ly  uahunm. 

Polnt pametrIcal smrces in opherlcal geometry are cd much lamer significance than M u t e  
p h e  irotropic s m e a  rrd bave been cau~lderad to a W e d  extant d y .  The edeneiw ulcuhtttmn 
requiredto handle Intermediate pCmetrie8. euch M finite plana sources, are notavallable atthi. m e .  

Ibe determinatlm d the beta dose pad tho accompmylag gamma done under variw sthmtione 
is conveniently presented In the fallowing wctiom: 

6. a ~l~dfntim h c e  mmcte t i a t i c s  

6.3 BeB-Gomma W e  Ratio at the 8ource 

6.4 Beta Depth Dose Behavior 

6.5 Beta-Gamma Biologbd Hwrd 

6.6 X i s c e l l w m a  l u t e d  Etfects. 

Section 6.2 considere the beta and gnmmnenergles and actlv-ltyratlos d the source. These are  
sutflctently the-dependent to require a time-dependent descriptian. ln vlaw d the Rnge at meuured 
and calculatedbeia-mmma dose ratiodues fo$varloussitumtitmn, Bectlm 6.3 presents a stmdardi~ed 
set of d u e s  for a clear-cut geometr id  situatlm without the dfecta d absorbers. The d i e d  dab- 
sorbera, such a8 air urd clothlng, a r e  ccrrmidered iu 8eetlcm 6.4. BLolc@cal rdiects pad entimates d 
disability docres are brlefly dieclueedia Bectlm 6.5, and situations where internalbeta rrdiption might 
be considered a hpenrd are  covered in Bectim 6.6. 

6.2  RADIATION SOURCE CHARACTERlSTICS 

“he relative beta a d  gamma doeen are  dependent an the beta urd gamma energy spectra a d  
beta-gamma actlvity ratios ai the radioactive illlout mme. The activity mtlo la daflned p11 the ratio 
of the number ai beta particles to gamma rays produced by the source. Aa accurate descrlptlDn d the 
energy spectra and activity ratloa over the Ume interval at interest (1 hour to 90 dpyrr) d be corn- 
pMed of a formidohle amount d data but much d this Mormatlon in notavaihbla at the prsaent t h e .  
Much effort has been expended in field meamrements ClI the spectra, but the rnaaauremanto hpve been 
handicapped by irutrumuttzl IlmftaUonn. The we of improwd techniques ~ c h o r  scinUllattcaspectro- 
metry6 are encouraging  am^ give promise that accurate e g e c ~  dintrlbutiau for the complete time in- 
terval wi l l  ultimately be available. 

The picture is also rendered difficult by the phenomenon knowe as fractionation. The concen- 
tration d the condenred nuclides la largely determined by the hiatory of diifusion of their ancellton 
and their physical and chemical properties at the time of condensotion. These are  selective pmper- 
tiea. A s  an extreme eample,  nuclides such a8 krgptrn and xenon, wh!ch are  noble gaaes, cannot 
condense until they bave decayed into rubidium and iodine, respectively. Thw, the concept d a atand- 
ard compwition m r c e  (at a particular reference time) is somewhat tentative. Though the significance 
of fractionation mwt be conceded, the Incorporation cd thin somewhat random variable a8 a modiiying 
parameter at the 8ource energy distribution la not ieanlble at this time. 

To circumvent the lack at detailed knowledge of the energy spectra, it has been curtomar9 to 
spe* d “effective” average gamma ray energies and “effective” mpxlmum beta ray energies an 
functions al time. These effective energies a re  those single d u e s  of the beta and gamma energies 



which characterhe the entire beta a d  gamma spectm. a c e  such effective energies are established 
it ia possible to treat both the beta and gamma sources an monoenergetic. Thin is the approach fol- 
lowed in the present treatment. Thus Fig. 8.2:1 ia a gnph d the effective maximum beta energy, 
effective average gamma energy, and the average beta-gamma activity ratio as afunction d time after 
fission. The figure is taken bodily from a report of Sondhaw7and will be used an a standard. The 
Sondhpus curves are neither exact nor up-to-date but they do present the information which i. most 
useful for  estimating the beta-gamma dose ratio and the beta depth dose attenuation. For times great- 
e r  Uun one hour, the c u m s  are based on activity calculatians of Iiunter and Ballot@ (or standard 
fission products; the shorter Ume d u e s  are haad on meanurement. of fission product.. 
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Figure 8.2:1 Beta-Gamma Activitg Ratio, and Beta and Gamma Effective Energies at 
the Source as a Function of T h e  after Fission. Dashed line Is estimated. 

Inorder to determine theeffective average betaenergy from the effective maximum or endpoint 
values It is necessarg to know the shape d the beto energg spectrum and therefore the type of decay 
transition which occurn. For present purposes the decay tnneltion h o r n  a8 “dlowed” will be a6- 
sumed together wlth the resulting relationship between maximum and average beta energy. While 
this relationship prri6 with the atomic number PI well as wIth the maximum beta energy, a reanon- 
able value for present purposes is 

E = 0.36E (6.2:l) 
B ave B- 

2 Calculations by Condit et al tndicate that the compwite spectra do have nome rerembiance to allowed 
beta spectra for times less than SO dap. 
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6. S BETA-GAMMA DOSE RATIO AT THE BOURCE 

The moat practical limiting geomet r id  situation for which the beta-gamma ratio is ofinterest 
is the infinite plane botropic source; thin simulates fairly wellsituations whichlnr0lp.e a contPmiwted 
ground surface or contamination adbering to the akin. In many practical situationn the beta dme m y  
be significantly reduced by the distance of the body tissue from the source and by abielding by dothing 
and by the body itself. These eifecta are considered in Bectim 6.4. In the following pprpgraphs the 
object is to determine the beta-gamma dose ratio at the nnuce. 

Previous values of the beta-gamma dose ratio range from4O:l to 157:l. Tochilin llnd  HOW^^ 
obtained the 157:l value from a fallaat sample wing a dlbrated thin walled, panllel plate iolriutim 
chpmber. TOCMUI et allo obtained an average d u e  a IOO:I mtng film rrtoelr~ set below fallout 8pm- 

ples in the field. Goulding and Conper, wing a canbinntim of meamrements and calculations, ob- 
tained a value of 150:l. The early estimates of Cmdlt et ala gave a ratio of 150:l but the d ~ u l a t i ~ ~  
weremore in the nature of estimates. Later calculations of Teresi and BroidolZ gave a value d 40:l. 
based on a beta-gamma activity ratio of 1. 

~re-13 obtained the ratio 10:1 for the quantity 

D + D  m m  
Dn 

where Dm and D are the beta and gamma dosen to the papillary layer d the human akin, and Dd 1s. 
the dose m e a s u r 3  by a film badge in the shoulder position. This has led to some cordusion, since it 
is not a beta-gamma ratio per ne. It is not oecessarily inconsistent with other measurementsor with 
the calculations in the present document. 

lmrie -& Sharp5 measured the b e t a - g a b  dose ratio using minllture thin walled ionization 
chambers at the surface d or within simulated human phantom. Close to the source plane the kta- 
gamma doee ratio for the first day after the burst was reported as 603. 

One would expect a nnge of values for the beta-gamma dose ratio because of varying energies 
and compositions of the source, but it seem unlikely that these variables should account for more 
than a 2:l spread. Differences in source-detector geometry may also be a factor responsible for part 
of the spread. Further investigation s e e m  to be indicated. 

( 
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I Accurate physical data and rigorow calculations now exlst for computing the beta and gamma 

doses for both point and plane isotropic sources imbedded in a uniform absorbing medium when the 
source strengths and energy distributions are known or can be estimated. Back-scattering due to 
medium dtscontinuities and thick sample effects for the beta sourcen are  perturbations which will be 
encountered in the field and which will, in general, tend to decrease the beta dose from the values 
calculated for the geometries described above. These factorn not withstanding, for estimating the 
beta hazard at the present time the calculations are more reliable than the measurements. 

It is instructive to indicate first how the beta-gamma dose ratio can estimated close to a 
monoenergetic point isotropic source in air. If a 20-hr time after the bomb burst is chosen, Flg. 
6 . 2 3  gives an effective maximum beta energy of 1.7 MeV, an effective averpge gamma energy of 
0.75 MeV, and an avenge beta-gamma activity ratio of 1.1. With an effective maximum beta energy 
of 1 . 7  Mev and assuming the allowed spectrum, the effective average beta energy is 0.6 MeV. 

Close to a point isotropic source of 0.6-Mev beta particles in air the beta dose rate in units 
of erg-sec-l-gm-' is 

5 (6 .3: l )  sec-gm 

P S  (1.71) so 0. as x lo-' so - 5 = * =  - 
4nR2 k,, 4uR' (6.24 x 10') 4aR' 
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where 

k,, = 8.24 x Id MeV-erg'l 

PB, = stopping power for betan in standard deruity air, Mev-cm*-gm-' 

= source strength, btao produced-sec" 

= distance from point source, em R 

For 0.6-Mev b e d 4  P@ in  1.71 Mev-cm'-gm-'. 

me unscattered gamma dose rate clore to an imtroplc point iource of 0.75 MeV gammas hair 
is 

(9.7 x lo-') (0.75) sr 0.M x 10" S,. 
* - e% (8 .W)  - - - 1'10 E 5? 

src-gm Duy 4r* kil 6 4 r d  (8.24 x lo-') (1.29 x lo-') 4 n d  

where 
fia, = linear energy-abaorpllon coefficient for gamma in rtnndprd dansity ah, cm-' 

d( = density of air at otandard ~ o n d i t i ~ ~ ,  gm-cm" 

E = pmma energy, MeV 

% = source strength, gamma. produced-sec-' 

For 0.75-Mev 4, !a 3.7 x IO-' cm-'. 

Close to the source the scattered contribution to-the gamma dome is 8maII (1. e., the buildup 
iactor is close to 1) +d the value derived abve ior me wcat te red  gamma doee rate may be taken 
a s  the total dose rate 4. Thu the ratio of total beta tototal gamma dose clone tothe lrrotropic nource 
point in air and takIng into acccunt the beta-- activity ratio of 1.1 !a approximately 

D 0.28 x 10-5 5 
L =  = (80) (1.1) = 88 ny 0.35 x 10-137 

(8.9:s) 

I 
The dose ratio given above is expressed a8 the ratio of ergs per gm of air (due to betas) to erg.  

per gm of air  (due to gammas). Thi. lo Identicll to a ratio expressed in t e r n  d rep d betan per r 
of gammas in air. Thc lame numericnl d u e .  may, however, also be taken to repreaent the mtio in 
terms of rep d betas per r of gammas in tisrrue, ar only a emall error  is introduced by this ansump- 
tion. 

These estimates are naturally limited in accuracy by the accuracy of Fig. 8.2:l. A rlgomun 
calcuIation d i c h  properly takes into account electron e F r g y  degradatim aud detail8 of the beta spec- 
trum is given by Spencer. l4 Be OW a beta dose rate De in the vicinity .I the eource which is about 
20 percent larger than the renrlt obtained above for  monoenergetic betaa. Thu 

0.34 x lo-' 8 i , =  B 5 
sec-gm B 4rR' 

(8. 3:4) 

The done computed for monoenergetic beta6 i. low primarily became the low-energy beta component 
of the epectrum h a  a greater energy loss per unit path let@. 

Using mencer'n d u e ,  the beta-lplmmr ratio lor  20-hour point source isotropic fallout i. 
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h.9 - = l o 5  
4 

(6.3:5) 

CPlculaticm d the beta-gamma done =ti0 for an ldinite plane source is complicated by certnin 
practical and theoretical difficultlea and no adequate analytical treatment for this ratio is presently 
available. Under these clrcumatances only an apprcadmnte, admittedly incomplete, treatment is poe- 
sible. This method is naturally not unique but it la believed to be the moat appropriate for  simple 4- 
c u l a t i o ~  at thie W e .  

What is done is to lake the &ommp d a e  calculated at a djsiance of 3 f t  for an infinite lacbropic 
plane source of zero thickness and to define thin as the gamma surface dme. This assumes that the 
gamma dose does not increase appreciably between 3 ft and the s m e  surface, a raasanahle neaump- 
tian for r d  surface sources, although incorrect for ideal surfaces. Blnce 3 it of air  can PppreciPbly 
reduce the done from a low energy beta source, thin done is taken at a much closer distance. The 
analytical beta dose determined by &enceS4for flnite distancesfrom the source surface is exhipala- 
ted to yield a finite result at zero distance; this procedure w i l l  define the muface beta dose. 

For an isotr&lc M l d t e  plane source al zero thic!a~ess the u~cattered emma doee rate in air 
is given by16 

where 

&,/A 
E 1 ( b y )  = exponenthl integral 

= source strength, gammas produced-sec-'-cm-* 

(6.3:6) 

% 
Y 
r 

total h e a r  attenuatlcm coefficient for gamma8 in standard density air, cm'' 
= height of receiwr above Bwrce w e ,  cm 

= slant distance from the receiver to a point in the source plane. 

Usingvalues appropriate tothe20-hr point, 
3 ft from the source surface is 

=0.87 I 10-'cm-' andthe unscattered -ma dose rate 

. (3.7 x lo-') (0.75) &/A) 
(2) (6.24 x 10') (1.28 x 10-3 

(4.25) = 0.74 xlO-'(Sy/A) see-gm ( 6 . W )  Duy = 

The dose buildup factor which corrects forthe contribution dthe scattered rpdintlan hasthe value 1.91 
at 3 ftl? The total ganum done rate is therefore 

The beta dose rate for an isotropic l d h i t e  plane source (corresponding to a maximum beta 
energy ab 1 . 7  m v )  is given by 8pencer for finite distances frm the source. Extrapolatlug the dose to 
zero distance yleldn a beta dose rate at 
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49 erg-cml sp - - ' e o  le curie-sec-gm (6.3:O) 

where S /A=sourcestrength, betaepmduced-sec'tm-'. Thewlued  2.0 x Id aranobtPlned by h e a r  
extmpAtion on a p l a  ~l w e r e n u  e n e m  dissipatlm an afunctionatdfetaoce iromthe source plpnc 
T~W extrapohurn wps carrlsd out from a distance corrrsp- to 60 mg-cm-* 

Converting thfa to the soms units an the gamma dme  rata yields 

.. 

(2.0 x 107 @@/A) 
Db = = 0.54 x 10' (Sp/A) 5 

SeC-glU 3. I x 10" 

The beta-gamma dose ratio close to the source plane is then 

(6.3:lO) 

(6.3:11) 
0.01 x lo-* (YA) 0.97 x lo-' 

These d u e s ,  strictly mp-, hold only for  the 20-hour time point. Thi. t h e  wa8 choasn 
for the spectiic example becaure d the expUcit Spencer bek dome calculntim for an eOapoint energy 
ai 1.7 Mev. 

It is interesting to note that the beta-gamma done ratlo, am calculated above, is not extremely 
senaitive to source geometry. The poini isotropic # m e  value l8 lemr than twice the plane iadropic 
source value. Since &oat all field situatl~ne wlll be efkctlvely more amlasou to the plane iaotrop- 
ic source, the plane isotropic value can be used with r-ble accuracy for alI situatloru. 

Although one wwld a priori expect the beta-gamma dose ratio to be tlme-dependent becauae of 
the time dependence cd the energies and the activity ratlom, it so happens thatthe dose ratio, to a fairly 
good approximation, is independent cd time. The beta dose at the source should be fairly Independent 
of energy with regard to the energies actually encounterd. Thin in becawe the only factor detennin - 
ing the beta dose which is energy dependent is the energy 1066 terrn(stopplng power Pa,) and thla term 
is quite constant from 10 MeV down to 0.4 MeV. At lwsr energies it does increme, reaching roughly 
twice the mintmum d u e  at 100 kev. The range at thU energy is, however, only 16 mg-cm-'. Betor 
withthis energy or lese a re  notbiologlcally significant, since they can barely penetrate the .Idn; furth- 
ermore, they w i l l  be heavily absorbed by the source. Slnce moat ai the betor are emitted within the 
energy intenral 13 constant energy loss, the beta dom at the source surface (and parttcularly the rig- 
nificant non-low energy component) can be taken PI) independent at beta energy. 

The gamma dome does vary with gamma energy and thua wl th  time. The beta-gamma activity 
ratio, however, which also entelr Into the dose ratio and is time-dependent, varies nearly a s  the 
gamma dose and effectively eliminates the variation cd the d w e  ratlo. 

For idealized infinitely thin plane isotropic sources, the beta-gamma dose ratio can therefore 
be considered to be substantjally constant (from 1 hour to 30 dap after the tlme at burst). "be values 
ai the doae aatlo for plane e m c e s  obtained by m e w d  InveaUgatorsfrom both experimental meaoure- 
ments and theoretical calculations vary from about 40 to about 160. Ae noted previatsly, the calcula- 
tional resultn appear to be more reliable and are  weighted acbordhgly. Thua, the best all-around 
compromise d u e  ai ?he beta-gamma dose ratio s e e m  to be of the order of 70 and thin d u e  wil l  be 
uaed throughout. 

0.4 BETA DEPTE DOSE BEHAVIOR 

For many sltuationr it is important to determine the attenuation a( Un beta dome prcduced by 
intervenlng material such as air or clothing. More w i v e  materiala, such am building waUs or even 
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a 1/4-in. slab d plyraood, will sfiectlvely a e l d  Out all the m. Thlchesms of absortere capable 
of attenuating the beta dome by a factor of 100 do not appreciably attmuate the 

energy wectrum and %pas the attenrption d the betp 
dose p. a function d aboorber thlchnera oad maximum beta energyl0. The curves a re  the resutt. cd 
mensuremenu on stacks of film eq~o~led to beta emittern ’IP, RQ + FWE, fl, I?*, md 
endpoint energies oi 0.5,1.0, 1.7, 2.3, and 3.4 Mev, rewectively. The geometry is that cd the in- 
finite plane isotropic scurce with slab absorbers. The 9 depth dose f i lm  rneaswmwt c m  ts ~n ex- 
cellent agreementwiththe Pn c~lculptlau d 8 p e n c e r 1 4 a n d ~ e p e n d e n t P  m8asurauants 01 ~oevinger14 

Fig. 8.4:l ia band upon an allowed 
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Figure 6.4:l Beta Depth Dose Curves for an Minite Plane lsotropic Source Given 98 a 
Percentage cf the Oose at the Surface. 

when the beta dwe rate at zero dbtance imm the surface source is taken as I x lo‘ ergs-cmz-curle”- 
sec-’-gm-‘. It is noted that the experimental setup used to obtaln Fig. 6.4:l 1s not necessarily a com- 
pletelyvnlid modelfor the actunl operational sttuatlon since problems lute self-absorption by contamf- 
mted pr t lc les  remain unevaluated. The precise value d the dose in the vicinity d the eource W i l l  
always be s k e w h a t  ambiguous because of such varying characteristics d the source; nevertheless, 
by iorcfng the curvee to agree for large absorber thickness one retain6 confidence in the value of the 
done at iinite distances. 

Fig. 6 . 4 1  contain6 a double abscisaa (maximum beta energy and time alter detolmtlon) and a 
double ordinate (mg-crn-’ and ieet d air). The correlation between mpxtmum beta energy and tlme 

. 19 7 
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after detoMtiM is taken from Flg. 6.2:l while the air a u l a  is baed on the stardard alr density d 

Assuming a beta-gamma dose ratio d 70:l and the depth dose behavior d Fig. 6.4:1, one can 
make specific statements about the beta hazard for many  situation^ d interest. What in done is to 
calculate the attenuatim d the beta done by the materlala (air, clothing) between the s w c e  and the 
point d interest and multiply thin by the known 6nmma dome at the point d interest, the beta-gamma 
dose ratio at the source, and a geometrical correction factor. Thll procedure assumes that there i. 
no attenuation d gammas bebeen source and the point receiving the dose. 

It should be noted that the procedure outlined b applicable to the calculation of the beta dose 
rate only for relatively simple geometries and where the corresponding gamma dose rate is known. 
For example, it can be used to predict the beta dose rate to a man standing o r  lying on a contaminated 
field or in proximity to a contaminated ship or aircraft. For tha important situatim where fallout 
particles have adhered to the skin or  clothing this calculattmal procedure is not useful. Indeed, in 
view cd the wlde range d possible source particle distributions a d  #trengtha it is difficult to conceive 
cd any calculaticmal procedure that is M. The mort that can be said i. that when the skin and cloth- 
ing have become contaminated ar a result d the manlying In the contaminatedfield o r  by being eqosed 
to the falling particles, the beta dose rate received due to such contamination is p r h b l y  less than 
that received while lying in the field. However, since the time period during which the man* skin and 
clothing are Contaminated may be much longer than the period during which he lies in the field, even 
this conjecture m a y  not be particularly helpful. 

For a clothed man standing on contaminated ground, a vertical cylinder can serve as a rough 
geometrical model. Since the body absorbs all betas, the vertical body nufocem have a line-d-slght 
dew of only half d the source plane. Gamma rap are much more penetrathg and points within or at 
the surface d the body see e s s e n W y  the entire source plane. Thus the effective beta-gamma dose 
ratioshould be reduced byafactordapproxlmately twoor to a value of 35:l. Typicalclothing weights13 
in mg-cm-' are: undershirt 17, rrhorte 12, .hirt 28, trDuBIrs 77, field jaJret 186. h8umIng the man 
is clothed with the above items, the dose mtio at pil r icn~ Grte d the body is obtahed by taking into ac- 
count the attenuation produced both by air and by clothing. 

It is evident that for alltimes dinterestthe lightarticles of clothing d e r  no slgntftcant shleld- 
ing protection agafnst betas. Furthermore, the epidermal layer d akin (about 10 mg-em-') can be 
ignored as a beta shield. 

If one a s s w e e  an lndependentbek hazardto exist for situations for whichthe beta-gamma ratio 
is greater than 20 (4000 reps d betas aa compared r l t h  200 roentgens of gamma mdktion), and K one 
also assumes the surface beta-gamma ratio to be 70:1, then the area in Fig. 6.4:l below the 30percent 
curve corresponds to such a i tua t iw.  For vertical b d y  surfaces where the 35:l surface beta-gamma 
ratio applies, the corresprmding area is that below the 60 percent curve. 

PROBLEM 1 

0.001283 gm-cm-'. 

A man stvlds erect on an infinite plane surface completely contaminated by fission products. 
The following facts a re  known: weight d clothing per square centimeter, height d various parte d hh 
body, time elapsed since bomb burst, and avernge gamma dose d e  that he is receiving. 

Compute the beta dose rate at the surface of v a r l m  parte d hls body. 

Solution - 
1. Take the surface source beta-gamma ratio to be 70 rep-r-'. 

2. Fromthe average height d each body a r e a d  inwrest, computethe equtrnlent air  absorptim 
weight in mg-em-'. 

3. Compute the clothing welght at each body area in mg-cm4. 

4. Find the totpl abaorber weight by adding the result0 d ateps 2 and 3 a h .  

I 



5. 

6. 

7. 

m. 8.4:1, d the abacinaa at time after bomb turd ard the left ordinate at tdtnl ab- 
sorpUm weight for  each body area. The intersecticm d these two coordlnatea gives the betp- 
gamma d o e  ratiofor anisolated shielded point asa percentage olthe inflnite plane iaatropic 
s a u c e  ourface dme ratlo. 

B in necessary toppply a ge-etxlc correctim factor since the Pftected arean are not i+ 
hted  point^ for beta radiatirm. Any point mthe upright man'. bodysurface Is shieldedfrom 
the kta radht lm d me-bnlf the plane by the M y  itself. Thi. ia not, however, true ol the 
gammas. The correctlcm factor is therefore one-half. 
?he beta d o e  d e  to anaffected a m i  is tberdore given by: average ~pmmp dme rate 
(r-hr-l) x Infinite plme isotropic ourface aource beta-gamma d o e  ratio (rep+-:) xab-  
sorpticm correctlcm (eqressed in percent ol #urface dme ratio) x geanetric correctim. 

These factors came respectlvely from the given data and .tepa 1,5, and 6 d the soluttm. 

E m W k  

A man stands erect in an infinite plane field contamhated by fallout. His clothes with typical 
specific weighta are: 

Weight, 
M l c l e  mg-cm-' 

undershirt 17 

shirt 29 

field jacket 186 

12 s h o d  

- 

a 

t r c m e r i  77 

The affected area8 d interest with nomlnal heights are: 

lieight,ft 

1 

S 

4 

face 5 

The time elapsed since burst is (a) m e  hour and (b) two days and the avernge gamma d o e  he lo recelv- 
lng is for each u s e  100 r-hFi. 

Compute the beta dose rate at the surface a[ the glven body areas. 

I .  The murce surface beta-pmm? ratio is taken as always being 70 rep-r-l. 

2.. The equivalent alr  absorptlcn weights computed for each d the area8 at 40 mg-cm-'-ft-' 
abme ground are: 

Air Welght, 
Area mg-cm-' 

Calf 40 
thigh 120 

cheot 160 

face 200 

- 



Area 

calf 
- 

Clothtng We- 
mg-cm-' 

71 (troruem) 

mob 89 (tramern, ahorb) 

cheat 231 (jacket, shirt, undershirt) 

face 0 

4. 'Ihe tcgl akorptim weight for each area ie: 

Arfa 

C a l f  

thigh 

chest 

face 

- 
Total Weight, 
mg-cm-' 

117 

209 

391 

a00 

* 5 .  The absorptlm correctiam on the be&-gamma does rutlo of the tao times meelected are 
from Fig. 8.4:l: 

Area - 
C a l f  

thleh 
chest 

face 

AbeorpUon 
Correction 

lhour 2 d a p  -- - - 
0.78 0.22 
0.58 0.045 

0.27 0.00 

0.58 0.05 

6. Since the body ehields out half the field, the geometric correction factor ie one-half. (The 
mer surfaces ofthe calf andull@ would recehe more ehielding and have a smaller factor, 
but thfs effect rill be Ignored.) 

7. The beta doee rates by body areas for one hour and two days respectively, are: 

Time Gamma Surface Beta 
After Dose Rate, Dose Ratio, 

Area r-hr-l rep-r'l Correcttcm Correetlon rep-hr -l Burst 
1 hour calf 100 IO 0.78 0.5 2730 

Absorption Geometric Dose Rate, 

- - 

thigh 100 70 0.58 0.5 1980 

chest 100 70 0.27 0.5 945 

face . 100 IO 0.58 0.5 2030 

2 days CPLf 100 70 0.22 0.5 770 

thigh 100 IO 0.045 0.5 158 

chest 100 70 0.00 0.5 0 

face 100 70 0.05 0.5 115 



PROBLEM 2 

A man lies pmne In a iield cantamirntcd by faUart. !Ae foltortng facta are knowr~ weight cd 
clothing pe r  square centimeter, Ume elaped mince bomb burnt, and average pmau dose rate that he 
ia receiving. 

Compute the body a d a c e  beta done rate. 

solutiml - 
1. W e  the source rurface beta-pmma ratlo a8 70 rep&. 
2. compute the clothhg weight in mg-em-' at each body area. 
3. Read from Fig. &&I the absorptlm correcth to the beta-gamma dose zatio at the time 

&-ken and at the clothlug aborpticm weight8 computed in step 2. 

4. Geometric factor is assumed to be 1 for thme parts af the body facing the ground, 0 for the 
' other part.. 

5. The beta doae rate ie then given by: average gamma doee rate (r-hFi) x infinite plane iso- 
tropic rurface source beta-gamma dwe  ratio (rep-r-*) x absorpticm correctlon x geometric 
correctlm. These factorm c a n e  reepcctivelyfrom the given data and steps 1,2, and 4 af the 
8olutim. 

Example 

A man lies pmne in a field contamwed by fallout. The clothing cm the covered area8 d hla 
body ia Imuormly 200 mg-cm-'. Five hours bave elapsed since bomb burst and the average -ma 
dose he in receiving Is 100 r-hr-l. 

Compute the body surface beta dose rate. 

1. Take the surface aource beta-gamma ratlo as 70 rep-r-'. 

2. Clothing weight on covered areas is 200 mg-cm-' and on bare a r m s  is 0 mg-cm-'. 

3. From Fig. 8 . 4 9  at 5 hcurs: 

Clothing Weight, 
mg-cm-' 

200 

0 

Absorption 
Correction 

0.54 

1.0 

4. The dose to the part cd the body facing the ground gets no geometric reduction (factor ob 1). 
Geometry is assumed to reduce dose to other pa& to 0. 

5. The beta doee rate to parts d the body facing the ground is given by: 

Gamma Surface Beta 
Doee Rate, Dome Ratio, Absorption Qeometric Dose Rate, 

Area r-hr-l rep-r-' Correction Correctlon rep-hr'' 

covered 100 70 0.54 1 3780 
- 
bare 100 70 1.0 1 7000 



PROBLEM 3 

A man stands facing a large objectcontaminated by Iallout(shlp, tank, airplane). The following 
facts are given: weight d clothing per square centimeter, distance from contaminated object, time 
elapsed since bomb brat, and average gamma dose rate he 1s receivjng. 

. I  

Compute the body murface beta dose rate. 

Solution - 
1, Same 88 Problem 1. 

2,  Compute the air absO?rtion Weight from the given distance from contaminated object using 
40 mg-cm-'-ft-' d a h .  The abaorptim Weight i6 the name for al l  portions of the body. 

3, Same as Problem 1. 
4. Same 88 Problem I. 
5. Same 28 Problem 1. 
6. The geometric factor is 1 for portions d the body facfng the object, and 0 for portions f a C -  

ing away from the object. 

7. Same as Problem 1. 

Error 
~ 

In all the above problems, it is believed that the estimated prokble  error is a factor of about 
three. In some ratherunimportant cases, the error canbe much larger. For instance, wherethe geo- 
metric factor is taken as zero and scattering leads to a negligible but non-zero dose, the e r ror  is in- 
finite. - 
6 . 5  BETA-GAMMA BIOLOGICAL HAZARD 

- 

Although the range 150-200 r has been generally accepted'? l8 88 the gamma dlsabllity dose, 
the disability dose for betas has not yet been standardized. The value d 3000 to 5000 rep prevlmsly 
mentioned was taken from the Medical aflcers Handbodc.' The criteria for defining a gamma d i m -  
ability dose are much simpler. Gammas irradiate the entire body wlth a substantlally uniform dose; 
betas produce a surface dose which cannot be expected to be castant  Over the bcdy rurface. The in- 
cidence of the disabling gamma symptoms, nausea, vomitlng, and prcmtntlon, occur within a few 
hours. A mlue d 200 r wl l l  produce these syniptoms in approximately half the members d a grcup. 
The disabling effects of a beta dose (such as the production at severe skin lesions) depend to an extent 
on the area of the skln atfected and do not manlfest themselves 88 rapidly; times of tk order of two 
weeks a re  required for the production of lesiona. 

It is quite llkelythat the concept of beta dme alone is inadequate to predict the biological effects, 
and mare extended Mormation such a s  the beta depth dose curve in tiasue may be necessary. For 
example, a 4-Mev monoenergetic beta pmduces the same dose at the cuter skin surface as a 0.4-Mev 
bala, but the t d  energy deposited in all tiseue is 10 times greater. The depth dose curves given in 
Fig. 6 . 4 3  can be used to sketch the depth dose cume in UsSue as well as in other absorbers. 

6 . 6  MISCELLANEOUS INTERNAL EFFECTS 

Effects d internal beta radiation, such as the beta dme received in the lungs due to inhalation 
of fallout or in the digestive organs due to ingestion of contaminated food aid water, are not o r d h d y  
primary hazards 88 compared with the external beta and gamma dose. One exception lies in the case 
of insoluble particles inhaled and fixed in one oeition in the lung. Thia problem has not yet been 

the lung Is much less than the external total body gamma hazard. 8tudles3 d the natives of the Marsh- 
successfully evaluated. Calculatlons of Sondhaus 1 indicate tbat, wlth this exception, the beta hazard to 

- 
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Chapter 7 

TEE ATOMIC CLOUD 

7 .1  INTRODUCTION 

The nature ofthe atomic cloud enters in the following three ways into conslderatlons of nuclear 

1. The cloud is the iource of most of the initial radiations. (Appreciable portion8 of the nitro- 
gen capture gamma source, however, originate in absorptions outside the cloud. ) Note that 
for this purpose the cloud is not distinguished from the firem, which is its luminous. 
predeceesor . 
The active material which depostts on the earth to produce the fallout pattern is generally 
conaldered as having its origin in the_cloud. 

Thecloud represents a highly radioactive porUon of space which may on 0ccauIon be ap- 
proached or penetrated by manned aircraft. 

radiatim from a bomb burst. 

2. 

S. 
- 

To evaluate the bomb radiation hazards associated with the cloud, it is necesary to have some 
understanding of the behavior of the cloud, its shape and position in ipace and W e ,  and Its acttvtly 
content and dtstrlbution. 

Sectton '1.2 presents a brief qualitative discussion of the mechanism postulated for cloud dy- 
namics while In Section 'I. S observations and measurements of cloud heightn and dimensions a re  sum- 
muized. The last two sections (7.4 and 7.5)  discuss the we of these data for calculattona of fallout, 
Inttial radkation and cloud penetration by aircraft; emphasis i s  necesuartly placed on the last of the 
three because of the scarcity of adequate tnformation for fallout and initial radtation cPlculaUon8. 

- 

7 .2  CLOUD DYNAhllCS 

There is yet no complete analytical deseriptlon of cloud dynnmlcs. There exists, however, a 
conslderable body of observational datafrom which it has been possible to compose empiricalrelations 
and to formulate a qualitative description of phenomena. In thir description the cloud and the fireball 
wffl not be fully dtstingulshed, but wffl stmply be regarded as different stages In the life of the mame 
phenomenon. 

The f ir i t  phase In the life of the fireball is the tremendous expansion occurring at the time of 
blast. Thts initial expanslon occurs very quickly, being essentially complete In less than one second. 
During this time motloo within the fireball is completely turbulent. 

The next phase in the fireboll history is a subject of some uncertainly, both an to ita actuaI 
existence and ita basic mechanism. 1 3  2 This phase is known as the hover Ume and is a short period In 
whlch the top surface of the fireball appears to remain stationug. The hover time may be from 2 to 
5 seconds long. The errplpnatton advanced ts that there must be an appreciable time for the buoyant 
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forces to accelerate the fireball upward, these forces being Independentof the radial forces associated 
with the blast. If the hover tlme actually exists, the buoyant acceleration proceeds very rapidly once 
it  starts, since the rising fireballattains its maximum upward velocity well within the first ten seconds 
after the blast. After this time, the speed of rise decreases quite rapidly so that in most bursts the 
cloud attains half its maximum altitude within 1 to 2 minutes after the burst, 3although the correspond- 
ing maximum altitude is not reached for 4 to 10 minutes.4~ 5 

It appears that during the first few seconds Of fireball rise the internal motion of the hot gases 
comprising the fireball begins to evolve, from the initial turbulence into the characteristic toroidal 
rotation. The resulting general configuration of the fireball is that of a horizontal torus or doughnut. 
The rotatory motion is caused by the viscous frictional drag of the stationary atmosphere on the outer 
surfaces of the rising fireball. The rotational movement is downward along the outside surface of the 
fireball, horizontally inward across the bottom, upward along the surface of the interior hole of the 
torus, and horizontally outward across the top. 

After 10 seconds or a little more, the ascending bubble cools to the point where it is no longer 
luminous; i t  is subsequently referred to as the cloud. The rotation, however, continues through this 
transition and long after. (There I s  reason to believe that, in some cases a t  least, i t  persists until 
after the cloud has attained its maximum altitude. ) 

The rapid rise of the firebaJl/cloud creates a strong updraft below It. This updraft is greatly 
reinforced near the vertical axis of the torus by the toroidal rotation, which acts like a very powerful 
pump. 

If the burst occurs on the earth surface o r  sufficiently close to it, surface material is sucked 
up to form the familiar visible stem, which fans out below the cloud in a cone-shaped skirt with apex 
at the cloud bottom. From observation It appears that this material is drawn up into the hole in the 
torus, and falls back to earth in a veil around the stem. It is not believed that this material makes 
very intimate contact wi.th the highly active bomb mater*& 3 In any cme, i t  does not appear to be a 
very effective scavenger of active materials. 

As previouely noted, the vertical thrust on the cloud is provided by the buoyant forces of the 
atmosphere, since the cloud is hotter and is therefore less dense than the surrounding air. There are, 
however, a number of brakhg forces which slow and ultimately stop the rise of the cloud. One of these 
forces is the frictional resistance of the atmosphere to the passage of the cloud. As the cloud rises, 
its size increases and thefrictional resistance opposingthe riselikewise increases. The other braking 
forces all act to increaae the averzge density of the cloud and therefore decrease its buoyancy in the 
surrounding air. The Lmportance of the individual mechmkma variee with time. Thus, tn the fireball 
stage it is likely &at the main mechanism Increasing the density is radiative heat loss, which lowers 
the average temperature. After the cloud stage I s  reached, there are three processes which operate 
to increase the cloud density. 

1 

1. As the cloud rises it encounters lower atmospheric pressure and expands. In expanding, 
the cloud temperature decreases and the density increases. 

Duringthe riselarge q w t i t i e s  of air atambient temperatures are entrained intothe cloud; 
this air cools the cloud by mixlng. 

The density of the ambient air and, thus, its buoyant effect decrease with increasing altl- 
tude. The air density is a function of both it8 pressure and temperature. Air temperature 
generally tends to decrease with altitude within the troposphere (the inner envelope Of the 
earth's atmosphere) but the atr pressure decreases more rapidly, so the net effect l a  a 
decrease in denalty. In the stratosphere temperature increases and the pressure decreues 
with altitude 10 that the air density drops much more rapidly. 

2. 

3. 

The effect of variations tn atmospheric conditions appears to be limited primarily to only one Of 
the braking mechanisms described above. 7 The atmosphere plays essentially no role during the radi- 
ative heat loss period and the decrease of air pressure with altitude is nearly the same for all burst 
environmentti. At present i t  la felt that the characteristics of the cloud rather than the surrounding 

I '  
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atmosphere determine the rate of entrainment of air. The only significant atmospheric variation 
from shot to shot is the WiatiOn of air density with height (which is essentldly due to vart?tions of air 
temperature since the Pressure change is, as noted above, fairly uniform). The probable control by the 
atmospheric temperature lapse rate over the maximum rise of the PtDmlC cloud is demonstrated by the 
large number of shots which have slopped at the tropopause, by the several low-yield shots which havq 
stopped at temperature inversions in the troposphere, and by the formution of horizontal layers of stem 
matertnl separated by stable layers of atmosphere. 7 

The cloud finally stops rising when i t  comes into density (and therefore'thermal) equilibrium 
with its surroundings. This may occur within the troposphere but for  high-yield weapons the cloudmay 
penetrate into the stratosphere. If this penetration occurs, the find braking In somewhat expedited by 
the more rapid decrease of density with altitude In this region. (It should be noted that the equilibrium 
altitude and dimensions of the cloud at this equilibrium are In reality Only temporary quantities. They 
are the values describing the cloud at the end of the rise period and before the normal dispersing pro- 
cesses of the atmosphere become important. ) 

It appears that the cloud sometimes OVerSbWts the altitude at  which it is in density equilibrium 
with the surrounding atmosphere by a few thousand feet and then glowly Sinks back to its stable level. 
The reason for this overshoot is not clear but it is believed that tt may be attributed to inertia of the 
cloud mass, which causes a characteristic damped oscillation. The cloud sink8 back to its equilibrium 
position when the gravitational and ~ ~ S C O U S  atmospheric forces overcome these Inertial e f f e ~ t s . ~ * ~ * ~ ~ ~  

It haa been frequently observed that clouds reaching their equilibrium altitude undergo a rapid 
and substantial lateral expansion or flattening. This expansion is attributed mostly to the thermo- 
dynamic requirement that all parts of the cloud reach appraxlmately the same equilibrium elevation. 
The toroidal rotation may also have an influence on the effect, but this as yet has not been properly 
evaluated. 

For atmoapheres containing appreciable amounts of moisture, Mother effect may require con- 
sideration. The moisture content (in the vapor-sLte)oi the lowerlevels is of the order of 1 to IO grams 
per ktlogram of air, This moisture condenses at the lower temperature of the upper atmosphere to 
release about 600 calories of heat for each gram of water vapor. For Nevada shots the total amount of 
heat released probably does not exceed a value of the order of 0.1  KT ofenergy butfor the Pacific shots, 
where the moisture content of the air is much higher, the total energy release may be large enough to 
be Important. 

7 . 3  CLOUD HEIGHTS AND DIMENSIONS - 
In the evolution of an atomic cloud there are manyfeatures which are of interest. These include I 

the top of the cloud, the center ofgravity of the cloud, the base of the cloud, the bases and iops of layers 
(if any) of the stem, the diameter and volume of the cloud and stem, and the distribution of the radio- 
activity within the cloud. Unfortunately, only the top Of the cloud has been systematically observed 
during all of the tests. The other items have been Investigated during only a limited number of tests. 
For t h i s  reason, theories have been promulgated and tested only on the maxlmum height of the cloud. 

Three principal theories of cloud rise hhve been proposed by Taylorg, Suttonl0, and Machtall. 
While these theories have contributed to the development of understanding of cloud phenomena, they 
hare not yet reached the stage of refinement where predictions made from them should supplement the 
purely empirical results of the weapons tests. 

There 1s sufficient coherence among h e  observed experimental results, however, to fit some 
empirical curves to the data poinls and to vest considerable confidence in their general validity. A 
unified theory will probably permit much better fitting to these same data points than our present state 
of ignorance permits. (In fact. classifying the available data according to season and latitude would 
permit a more consistent but. at present, less useful set of empirical relations. ) 

Fig. 7.3:l is a plot of the equilibrium heights of the tops and bottoms of a great many observed 
clouds as afunction of bomb yield. Data are included from tests at both the Nevada - New Mexico Area 
and the Marshall Islands Area. 
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Yield, KT- - 
Figure 7.3:l Experimental Measurements of the Equilibrium Hetghto of Top and Bottom 
of Cloud PB a Function of Yield for Near-Surface Bursts. 

In the construction of this and the other figures in this section, bomb yields were corrected to 
an equivalent mean sea level value. That is, the actual yield at  the burst height was adjusted to an 
equivalent yieldfor a sea level burst which produces the same cloud characteristics. 

The mean sea level correctIonl2 used is 

PSL 
wB wgL= - 

PB 
(?.3:1) 

where 

WsL = equivalent yleld at  mean sea level 

WB = yield at  actual burst height 

psL = presrure at m w  sea level 

p B  = prersure at  actual burat height 

There are other parameters beaides burst height which affect the cloud characterintics and which vuy 
between shots but no method. are presently available for correcting these variations. 

I 
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Figs. 7.32, 7 .33 ,  and ?.3:4 are plots of the height ol the top, bottom, and center d the c l o d  
as a function of time after burst for various yields. (It should be noted that for hlgh-yield weapons the 
cloud may not have a clear-cut bottom aud Figs. 7.3:s and 7.3:4 are  thus mubject to la addltiwnl un- 
certainty in this yield region. ) These three I W e s  were obtPlned by flttlng smooth curves to expert- 
mental results from about15 bursts.s. Adjustments of the 6mooth curves were made where neceawy 
to obtain reasonable internal eonsistency. 

Fig. 7.3:5 is a plot d the vertical thickness of the cloud M a function of time after bvrnt for 
various yields. It WM constructed by rubtracting the d u e s  of ~ i g .  7.3:s from ihose of 7. s:~. 

Flg. 7.3:6 ts a plot of cloud diameter am a function of time after burst for various yields. It 
w a s  constructed from the same sources and ln the same mpllller M Fip. 7.32, 7.3s. l a d  7 . 3 ~  

While the cloud helghts and dimensions in these figures are  given for surface bursts, that is, 
measured from mean sea level, they may PI.0 be applied to near-surface brunts, my below 5,000 It. 
In this case the cloud heights presented may be construed M being measured above the burst point. No 
information is available for the treatment of htgb altitude burst.. 

The maximum error of these figurer is believed to be about a factor of two. The test data upon 
which the curves were baeed are supporecIly gocd to 5 30 percent but the wide range of tropopause 
heights, temperature-altitude relations,. and WM velocities llkely to be encountered under operational 
conditions greatly increases this expected error. 

Time. mln 

Figure 7.9:2 Reight of Top of Cloud PB a Function of Yield and T h e  after Burst for 
Near-Surface Bursts. Broken curve6 indicate extrapolated values. 
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Flgure 7 . 3 9  Height of Bottom of Cloud an a Function of Yield pad Time after Burst for 
Near-Surface Bursts. Broken curves indlcate extrapolated vpluem. 

I I 

Time. mm 

Figure 7 . W  Helght of Center of Cloud PI a Fuoction of Yleld and Time after Burat for 
Near-Surface Bursts. Braken curws indicate extrapolated value.. 
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Ftgure ?.3:5 Thickness of Cloud p8 a Function of Yield and Time after Burst far Near- 
Surface Bursts. Broken curves indtcate extrapolaied valuee. 
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Figure ?.3:0 m e t e r  oi Cloud p8 a Function of Yield and Time after Burut for Near- 
Surface Bursts. Broken curves indicate extrapolated valpluee. 
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PROBLEM 1 

i 

For surface or near-surface burst., find the distance above burst height of the top, bottom, or 
center of an atomic cloud at any time during the flrat 15 mln after the burst. Yield and burst height of - 

1. the bomb are known. 

Solution ___ 
Read height directly from Ftgs. 7. S:& 7. S:S, or 7. S:4, (whichever Ls appropriate) at given time 

and yield. Add this value to burst betgbt for near-surface burst.. 

PROBLEM 2 

For surface or near-surface burst., find the vertical thickness of an atomic cloud at  any time 
during the first 15 min after burst. Yield and burst h e w t  of the bomb are known. 

Snlutioo - 
Read thickness directly from Ftg. 7.%5 at  the given time and yield. 

PROBLEM 3 

For surface or near-surface burst., find the diameter of an atomic cloud i tany time duringthe 
first 9 min after burst. Yield and burst height of bomb are known. 

Solution - 
Read diameter directly from Fig. 7.393 at the givsa' time and yield. 

Error - 
The results of Problems 1, 2, and S are estimated to be good to within a factor of two. 

7.4 CLOUD CHARACTERISTICS FOR CALCULATION OF FALLOUT AND XNITlAL RADIATION 

The accuracy of theplots in Section 7. Sor ofany otherknown methodforpredlctinpcloud heighta 
is not suitable for input to a fallout computatton. Similarly the time dependence is not accurate enough 
for short times after burst (0 to 90 sac), for use in making cloud rise correction@ for Initial gamma 
doses; for this purpose the fouowing empirlcal relattonl3 is recommendedlor surface and near-sur- 
face bursts. 

yc = 115 e*' to-' (7.4:l) 

where 
jC = height of.p?nter of cloud above point of burst, ft 

W = bomb yield, KT 
t = timeafter burst, sec 

This expression may be conmldered applicable in the range t = 5 to SO sec. In Fig. 7.4:l the 
value ofyc is plotted an a fuoction of timefor varioum vplues of yield. Extension of thsae curves agrees 
aa well an can be expected ala the dw of Fig. 7. S:4. 
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Rgure 7.4:l  Height of Center of Cloud for Wort Times After Burst OLI a Function of 
Yield for Near-Surface Bursts. 

I .  5 CLOUD CRMCACTERISIlCS FOR CALCULATION OF AIRCRAFT PENETRATION DOSE - 
The present principal uefulness of Fig& ?.%I through 7.S:B is the evaluation of radiation 

hazard# lor aircraft flying in the vicinity of the atomic cloud. Because both the data in these figures 
and dose rate Mormntion given below are  from surface or'near-surface bursta, the reaulta presented 
In this section a re  similarly restricted. 

In addition to cloud heights and dimensions it is necessary to have Information regarding the 
radiation content of the cloud. Qualitatively, it is clear that the dose rate a t  a given time and place 
wtthin the cloud is a function of three factors: 

1. density of radioactive material, 

2. 

S. density of a l r  

density of entrained inactive material, and 

I 

n3 



The dose rate wUl change with time M determined by the way these three factors change and thin in 
turn depends on: 

1. 

2. 

3. 

4. 

rate of decay of active material, 

rate of fall of active materm, 

rates of entrainment and f a l l  of inactive material, and 

rate of expansion of c l o d  

Some of these factors are clearly independent of yield. It would appear that the others are also inde- 
pendent of yield, either individually or in combination, at least over same time period. EWerimental 
measurements atUpsh~t-Knothdel~supported by less credible measurements at Greenhousel? indicate 
rather strongly that the volume average dose rate encountered within the cloud between 9 and 25 min 
after the burst is independent of weapon yield 

The maat reasonable explanation for this independence of yield In comprised of two factors. 

1. The dose received at any glven point within the cloud comes predominanllyfrom nearby 
regions of the cloud, while the dose from remote regions is sufficiently attenuated to be 
negligible in comparison. The over-all size of the cloud would therefore not be Important 
in determining the dose rate. 

The volume average density of the active and inactive materials inthe cloud is independent 
of yield. This is a reasonable expectation since the volume of the cloud 18 known to be 
roughly proportional to the yield; the amount of debris, both active and inactive, should 
also be roughly proportional to yield. 

2. 

-.- 
It has been determined empiricaIlyl4 that the volume average dose rate in the cloud in the period 

This relation comes to within a factor of two of most measured results. A few Greenhouse 
measurements fell outside of that range; this may be so because the menaurements were made in the 
stem rather than in the cloud proper or because of errors  in the measurements themselves. U one 
integrates the average dose rate over the time spent in the cloud as in a. I. 5:1, the total dose 
accumulated in the cloud is obtained. This equation for tow dose should hold fatrly well except for 
trajectories close'to the cloud boundaries. 

2 to 25 min after burst is equal to 2.18 x lo' t-"", rep-min-', where t is the time after burst, min. 

D =  2.18 x 10' t-$@' dt 

e Jt 
(I. 5:l) 

where 
D = total dase accumulated in cloud, rep 

te = time of entry into cloud after burst, min 

= time spent in cloud, min tC 

Fig. I. 5:l is a plot of D an a function of t, for various values o f t  . e 

The preceding discussion applies only to aircraft ni@t throughthe atomic cloud proper. There 
maybe a ilmtlar probleminvolvlng~lghtthroughthe stem butthe datapresently available do notpermit 
evaluation. 

I 
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Flgure 7.5:1 TotalDose Accumulated in Cloud PB a Function of Time of Resldence tc and 
time of Entry b. 



PROBLEM 4 

It is known that an aircraft penetrates an atomic cloud. piad the time spent in the cloud when 
the height and speed of the aircraft and the burst height and yield of the bomb are known. 

(Note thatsufficimtlnformation is presented in Figs. 7 . 5 2  through 7.3:6 to determine in detail 
how an aircraft flying a @?en course and speed wiU penetrate an atomic cloud of known yield, burst 
time, and height. Thus, one could answer the following questions: Will penetration occur? Exactly 
where inthe cloud willpenetration Occur? Howlong will penetration laat? The inaccuracies inthe data 
and senmitivity of the result8 to small variations in operational  conditio^ make lucb a detailed treat- 
ment unwarranted. ) 

(It is possible to relate rather well the diameter of the cloud to the time after burst and the yield. 
It is meaningful, therefore, to ISL how great a diameter the cloud present# to an aircraft flying in the 
vicinity a t  a given time after burst and for a glven yield. This is not precisely the problem stated, but 
it can be lwsely SO interpreted. 1 

solution 

To reduce the input conditions to the same unit8 an the working curves, it is desirable to e v r e s s  
the aircraft speed in feet per minute. The following conversion factors, while not exact, a r e  well 
within the accuracy of this treatment. 

1 knot = I nautical mile-hr-' 
= 100 it-min-' 

1 statute mile-hr-l = BO ft-min-' 

It wi l l  be assumed that the cloud height and dimeasions are fixed during the time of the aircraft 
passage. This is obvioumly not the true situation sincgin m w t  circumstances tbe cloud will  still be 
rising and expanding duringthe aircraft penetration. For shortpenetration times, however, the Changes 
i n  cloud dimensions during penetration willnot be large and for longer penetration times average cloud 
dimensions can be used. 

Two separate cases will be demonstrated -- penetration along the cloud diameter and grazing 
penetration. 

A. Assume that the aircraft penetrates along the cloud dipmeter. 

1. Subtract the burst height from the aircraft height to obtain yc,the heightof the center of the 
cloud above burst at time of penetration. 

Using Fig. 7.3:4 and the value of ycand the yield find the time of entry into the cloud te. 
From Fig. 7.33 at the given yield and time find the cloud diameter d. 

Convert the aircraft velocity into feet per minute v. 

The time spent in the cloud in minutes tc, is then d/v. 

2. 

3. 

4. 

5. 

B. Assume that the aircraft makes a grazing penetration -- y feet below (or above) the cloud center 
and x feet to the side of the vertical ads. (If neither x nor y is greater than 1/4 the cloud di- 
m e t e r ,  the penetration ought to be considered an being along the diameter. Also, if the cloud 
growth haa reached the phase h e r e  considerable flattening ham occurred, the penetration should 
be taken an diametric.) h s u m e ,  further, that the cloud is spherical, with diameter given by 
FLg. 7.M. 

1. 

2. 

Perform steps 1, 2, 3, and 4 an indicated in A above. 

Calculate [ 4 ( 2  + $)/d*]. This is the square of the fractionalradial distance of the aircraft 
trajectory from the cloud center. Fig. 7 . 6 9  is a plotof the trigonometric reduction factor 
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I 

R p r e  7.554 Mameter Reduction Factor. 

Error - 
The error of Problem 4 is estimated to be no more than a factor of two. 

Q in the diameter. Read the value of Q from Fig. 7 . 6 2  a t  the carrerpoadtng d u e  of 
[4(* + ?)/d']. 

The distance h v e r e e d  by the aircraft is Qd and the Ume spent in the cloud t.., Ls #d/v. 3. 
I 

PROBLEM 6 

It Is known that an aircraft penehates an atomic cloud. Find the dose accumulated ID the cloud 
when the height and speed of the &craft and the burst height and yield of the bomb are h o w .  

Solutton - 
1. 

2. 

Apply the appropriate methods of Problem 4 to determine the time of entry into the cloud te, 
and the time spent in the cloud k. 
Read the doae accumulated for there values of te and tc from Fig. 7.6:l .  

. .  Error - 
The error in Problem 5 IS estimated to be no more than a factor of two. 



J 
Example A 

~n aircraft isflying at 25,000 it ata speedof 2001mot(l.A 50-KT bombis emloded 1000 It above 
8- level. If the Wcraft penetrates the resulting cloud along I t s  diameter, how long w i l l  the Wcraf t  
be within the cloud and what dose will the crew experience? 

1.  The height of the cloud center above burst at the time of penetration will be 25,000 - 1,000 

The center of the cloud from a 50-KT bomb rises 24,000 It from the burstpoint In 2.8 mtn, 
according to Ng. 7.3:4. 

The cloud diameter of a 50-KT bomb after 2.8 mln is 10,000 it, from Ng. 7.3:6. 

The aircraft speed ia 200 x 100 = 20,000 It-mtn-'. 

The time spent in the cloud I s  10,000/20,000 = 0 .5  min. 

From plg. 7.5:l the dose accumulated in the cloud tor entry time 
with cloud 

- 

= 24,000 It. 

2. 

3. 

4. 

5. 

E. = 2. 8 min and time 
= 0 . 5  mtn is 120 rep. 

Example B 

Same M ExampleA except grazing penetration ofcloudis made 3,500 f tbe low and 3,000 It tothe 

1. 

2. 

left of the cloud center. 

Perform steps 1, 2, 3, and 4 18 in Example 1 above. 

4(* + Y? - - 4(3,0@ + 3,50@) E o.85 
dr (10,000)' 

From FLg: i .  5:2 a value of [4 (2  + #)/dl = 0 . 8 5  le& to a value of @ = 0.99. 

The distance traversed by the aircraft is then #XI = (0. SB)(lO, 000) = 3,000 I t  and the time of 
traverse tC = 3,800/20,000 = 0.2 min. 

From Fig. ?.5:1 the dose accumulated, from entry time te = 2.8 min and time within cloud 
tc = 0 . 2  mh,  is 55 rep. 

3. 

4. 
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